,2 20 _
3
i

I

NASA
Ccp

ﬂ.’t

2107

NASA Coﬁferenc

|

J

2107

ication

e Publ

.

~

TECH LIBRARY KAFB, NM

L

mcn_n_uw:

LOAN COPY* RET
AFWL TECHHCr
KIRTLAND AFB,

N uclear-Pumped Lasers

sooet= ST
et SR EEESS

N

Yt
<
<
p—
)
=
[a¥
Q
&=
«n
a
St
Q
3
©
St
o
12
&0
S
o
o
7
]
Q
o
[a

NASA Langley Research Center

Hampton, Virginia
July 25-26, 1979




TECH LIBRARY KAFB, NM

L] L

009973y
NASA Conference Publication 2107 -

Nuclear-Pumped Lasers

Proceedings of a workshop held at
NASA Langley Research Center
Hampton, Virginia

July 25-26, 1979

NNASAN

National Aeronautics
and Space Administration

Scientific and Technical
Information Branch

1979






Foreword
For the past f1ve years NASA has supported a nuc]ear pumped
laser progran 1nvo]v1ng a number of un1vers1t1es and other '

1aborator1es.' NASA is interested in nuc]ear—pumped 1asers
,_v; ..... | | ower
transmission and propu]sion. The primary aim of the nuclear-
pumped laser research is to develop methods to allow efficient
conversion of the energy liberated in nuclear reactions directly
to coherent radiation. Conventional conversion of nuclear
energy to electricity requires degenerating the fission fragment
energy (~ 100 MeV) to thermal energy (< 1 eV) with the resultant

Tow (~ 30%) conversion efficiency. Gaseous core self-critical

tential of uniformly excitinag
ten I of w rmly exciting

nn
LR L T a8 ST L= H Qv he v

large laser volumes with high efficiencies resulting in
selfcontained very high power lasers. However, before such
systems can become reality, considerable research is required to
solve problens related to the compatibility of the lasing gas
with the fissile fuel, the radiation extraction efficiency, and
many other laser kinetics and nuclear related areas. It should
be noted that the basic feasibility of gaseous core reactors has
been demonstrated in the NASA gas core reactor program.
Considerable progress has already been made in the
relatively new field of direct nuclear-pumped lasers. Direct
nuclear pumping has been achieved for a large number of lasing

systems and power output is in excess of 100 W.

i1i



The objectives of this workshop were to provide an
interchange of research results and ideas among researchers in
the field of nuclear-pumped lasers and to review the NASA
nuclear-pumped laser program. This document contains a synopsis
of the talks and the figures presented at the workshop.

The use of trade names or manufacturers names does not
constitute endorsement, either expressed or implied, by the

National Aeronautics and Space Administration.

Frank Hohl

Workshop Organizer
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UNIVERSITY OF FLORIDA NUCLEAR PUMPED LASER PROGRAM

by
Richard T. Schneider
ABSTRACT

The contribution towards design and construction of a nuciear pumped laser
by the basic research program at the University‘bf Florida consists of fundamen-
tal research into the mechanism of excitation of laser gases by fast jons (triton,
proton or fission fragments) and especially any role UF6 might play in non-radia-
tive deexcitation of these gases.

For research on excitation mechanism spectroscopic methods were used to obtain
population densities of excited states important for laser action.

Also, basic research on nuclear pumped CW-laser systems, especially He-Ne
and C02,is under way using steady state reactors. It was demonstrated that He-Ne
lases in a CW-mode with nuclear pumping at both the red and the infrared
transition. The infrared transition was observed to be superradiant.

Studies into the compatibility of UF6 with laser gases are necessary, because
ultimately the fission fragments exciting the laser gas will have to come from
a gaseous medium. For this purpose, measurement of the excited states 1ife-

252

times are carried out using the Cf radioactive isotope as a fission fragment

source.

Another important question in this connection is the chemical stability
of UF6 under neutron and fission fragment irradiation. An incore reactor experi-
ment is under way to irradiate UF6 for an extended period of time and observe its

decomposition using spectroscopy methods.
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EXPERIMENT FACILITY DESCRIPTION

AN

Shielding
blocks

VUV Mirror

W eg—>pF
Sheaiding Fuel Doxes
blocks
} r— Throughport E Mc Fig
‘ N_End cap —
Deuterium lamp
v DC

AC voh Dz {smp powsr supply

Research facility for vacuum-ultraviolet spectroscopy.

Throughport
extension

multipurpose capsule for irradiating gases.)

Volit
Rey.

Pico

l Iammem
Steppin
motor ariver

X Y
plotter

Pump station
ja

NPM tube

A‘%m

[Mu?hcuon 218
spectrograph

(McFig is



2 Parts SHe 1 Part Xe @ 760 Torr pm 1100V 400 Micron Slits Amp 3 x 107 Throughport pressure < 10" Torr Scale .01V/cm 6/24/78

Relative intensity

12 000/2 =~ 1500 R

+ -

P R L H I ; T
lZOOllnes/mm il ey | ! [ ; -
400 um 'slit wiatn{ (' g RN B I G IR R B R
high voltage = 1000 V L,_, | _;_f - N S0 S I S . : Fr
ammeter 3 x 1077 amps ! @ o i tclilclerfol i f defe it oo e
Plotter = 25 s/cm gy~ © - ¢ oeebobd ~

10 mV/cm. .
Stepper = 2.0 —r . -
low -
1/2 steps
G SRS R e - e e R
i _ _
[ —_r D — Py g - - - —
- .
N -9 ; . — _
|
} e
)
__ = S
N
. e e - e N
- - ! B
..... - — —_— - _ N
! ~
o-.——.«- ———
Y - - = - - . -II I * 8 .
e e ern s e e o
. . P L =

Step number

Xe§

spectrum.




He3:Xe:NF 5 (620.70..7) Torr pm 1100V Slits 1mm Amp 3 x 107 Throughport pressure < 105 Torr Scale .01V/cm
-.5__!_7 -~ o -
L CT ! ' ! : a
U S I S S T B i 8
Conversion factor o . 3
wavelength in & = 0.124626 x step No. + 7.405 Co o
R g
(32}
o

Relative intensity

22 000 steps

'Y XeF*

Sapphire continuum Sapphire continuum

Step number

XeF* spectrum.

11/22/78



Fill Integrated Input Small
Pressures A max FWHM Power Out Power Efficiency Signal
Gas torr nm nm watts watts % gain/meter
e - 507
X 172.2 14.9 0.218 0.32 68
o ¥ Xe. - 233 8
A 1.5 x 10
i He - 507
; ‘o~ 233 172.2 14.9 0.126 .192 66 }
L
‘ .
“He - 660 - !
! Xe - 70 355.0 7.5 6.3 x 10 0.39 0.14
| NF_ - 7
; 3
! 3
b “He - 660 -4 —9(2)
X Xe - 66 355.0 7.5 6.3 x 10 0.39 0.14 9.61x10 )
- XeF .
' NF, - 6.6 |
; 2
: He - 660 » o
! Xe - 66 355.0 7.5 3.5 x 10 0.39 0.10
i NF, - 6.6
! 3 .
L | re - 600 .
| KeF [ Kr - 100 245.0 5.2 8.2 x 10 0.35 0.23 -9 (2)
NF3 - 7 1.9x10

(1) Suspected air contamination.

(2) Effective excited state lifetime not defined for CW case.

Energy transfer.
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Fill T Integrated Input Partial
Gas Pressures max FWHM Power Out Power Efficiency Pressure Attenuation
torr nm nm watts watts Z UFG-;orr 72 of maximu
.| 3He - 660 y
XeF Xe ~ 70 355.0 7.5 6.3x10 .39 .14 0 100
NF, - 7
3 | |
e - 600
Xe - 701 355.0 | 7.5 1.95x107" .34 .057 1.6 41D
. NF3 - 7
!
| (43)] UF ~ 1.6
; ]
3 . H
He ~ 600 !
Xe - 66| 3550 ] 7.5 4.35x107° .176 .0245 3.2 181
NF3 ~- 6.6
!
;(49) UF6 ~ 3.2 :
| ne - s68
KrF | Xe -~ 82 - - - .39 0 80 0
UF6 - 80

(1) A large increase in N2

+ Bands noted.

UF6 effects.
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Normalized Emission 380.0 nm

& 3Ho excitation
® Williams (1978)
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Partial Pressure UF g (Torr)

Effects of UF6 on XeF* emission.



NUCLEAR-PUMPED CO, LASER

Michael Rowe
University of Florida

ABSTRACT

The objective of this was to study the He3(n,p)T reaction as an

3

energy source for a CO2 laser. For this purpose He” was added to a

functioning CO2 electrically excited laser. Initially the laser was
run electrically with 12 torr total pressure. The gas mixture was
1:1:8, COZ:NZ:He. At zero reactor power, the laser was tested in

place next to the core of the Georgia Tech. Research Reactor. After

3 3

verification of laser action He” was added to the system. He~ partial

pressures of 10 torr, 50 torr and 300 torr were added in three separate

reactor runs. Reactor power ranged from zero to 5 x 106

14

watts, which
corresponds to a peak flux of 10 neutrons/cmz-sec. At reactor powers
greater than 10 kW, gain of up to 30% was shown. However, indications
are this may be due to gamma excitation rather than caused by the
He3(n,p)T reaction. These results do agree with the data of past CO2

nuclear-pumped laser experiments.

11
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by
Michael Rowe
University of Florida

ABSTRACT

The purpose of this experiment is to determine the rate at which
UF6 decomposes into UF5 and UF4 as a function of neutron fluence. To
study UF6 decomposition rate, an absorption cell for VUV and the asso-
ciated VUV spectroscopy system is used to measure UF6 while under
irradiation in University of Florida Training Reactor. The cell con-
tains 50 torr of UF6 at room temperature to insure that the UF6 is in
a gaseous state. By determining the absorption coefficient below 21003
for UF6, above 21003 for F2 and at 41003 for cell degradation; UF6

decomposition can be measured at a neutron flux of 1012 neutron/cmzsec

for 72 continuous hours.

19
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mpc Concentration

84

Sr 54 uCi vs 420 uci
90
Sr 1.8 uCi 2.4 uCi
91 -
Y 54 uci 435 uCi
93 .
zZr 180 uci .05 uCi
95
Zr 180 pci 434 uCi
97 .
Zr 180 uci 36600 LCi
929
Mo 360 uci 9450 uCi
103 .
Ru 900 ucCi - 333 uCi
131
I 16.2 uCi 1540 uci
I132 .
360 pci 198000 uci
I133 .
54 uci 32000 uci
I134 .
360 uCi 900000 ucCi
I135 .
180 ucCi 91000 ucCi
137
Cs 18 uci 1.0 uCi
140 .
Ba 180 uci 2110 ucCi
141
Ce 360 ucCi 77 uCi
c 143 .
e 360 uCi 18500 uci
144
Ce 10.8 i 83 uCi
147
N& 360 uCi 864 uCi

List of most hazardous fission fragments produced and calculated
activity. List of occupation Tevel maximum permissible
concentration (mpc).



CW NUCLEAR PUMPED LASING OF 3He-Ne

B. Dudley Carter, University of Florida

ABSTRACT

Presented are the results of a two-year study on the CW nuclear
pumped lasing of He-Ne system. Preliminary experiments measured single

pass gain for the 6328.2A laser transition at neutron fluxes up to 1 x

1O]4n/cm2-sec. Peak gain for a 300 torr 3

to be 8.84 dB/meter at a 2 x 1012 n/cmz—sec neutron flux. Further experi-

6 ]Zn/cmz-sec.

He-Ne (5:1 mixture) was found
ments measured the gain in the flux region from 1 x 10° to 2 x 10
In addition, gain vs. probe laser intensity at various neutron fluxes

was measured. These measurements resulted in the construction of a laser
cavity and the subsequent CW nuclear pumped lasing at 6328.23 in 3He—Ne.
Experiments were also carried out on the 3.39 um superradiant line in
3He—Ne. On three separate occasions, at two different facilities,
lasing was observed. Although 3He—Ne was found to have the lowest

threshold for lasing found so far; unfortunately, it also had the lowest

output power on the order of tens of microwatts.

25
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TRANSTTION
WAVELENGTH
TOTAL PRESSURE
Hed: Ne

PEAK GAIN

A
NEUTRON FLUX
POWER DEPOSITION
POWER EXTRACTION

EFFICIENCY

35,-2P,

6328.2 A
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5:1

8.384 aB/METER

%102 n/cn-sec

12 nh/cu

LESS THAN 41073/ cm
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Pertinent values for maximum amplification.
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SPECTRAL EMISSION OF NUCLEAR EXCITED XeBr*

R. A. Walters
University of Florida, Gainesville, Florida
ABSTRACT

The ultraviolet emission of XeBr* in a band peaking at 282 nm overlaps
the absorption band peak of C3F;I. Nuclear photolytic pumping of the long 1ife-
time C,5F;I Taser state via XeBr* emission is possible with an adequate pumping
rate. This has been shown with electron beam pumping (Swingle, 1976). The
University of Florida vacuum-ultraviolet spectroscopy system and MCFIG capsule
(Walters, 1979) were filled with a SHe:Ar:Xe:Br (534:195:12:6) torr mixture and
irradiated by a CW flux of 17 x 10]]n/cm2-sec. XeBr* emission was observed as
shown in figure 1, but the Brp emission normally observed in argon-bromine
mixtures (Pearse, 1965) predominates. This spectrum is typical of these mixtures
(Swingle, 1976), with XeBr* probably peaking with 0,1% Bromine in 2 atmosphere
argon with 2% xenon. The addition of a large partial pressure of 3e produces
additional unknowns. The typical vibrational structure of XeBr* (Tellinghuisen,
1976) was not observed. Sapphire emission continuums were present as noted in
figure 2.

Energy deposition was 0.43 watts and the capsule output under the XeBr* and

Bro bands was 1.6 x 10-3 watts, giving an efficiency of 0.37%.
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University of I11inois Nuclear Pumped Laser Program
by
George H. Miley
Fusion Studies Laboratory
Nuclear Engineering Program
University of I1linois
Urbana, I11inois 61801

Earlier nuclear pumped laser (NPL) experiments (1,2) at the
University of I11inois were aimed at identifying Tasers that could operate
at neutron flux Tevels available with the I1linois TRIGA reactor. This led
to the development of the simulated emission ratio (SER) technique for
multipass in-core gain measurements and the discovery of a new category
of "impurity" NPLs that includes both the atomic nitrogen and atomic carbon
lasers which use noble gas - Ny or COp mixtures. Also, operation of a
visible laser (He-H
theoretical/experimental studies have successfully modeled the kinetics of
these lasers, despite the occurrence of complex multistep collision process
in several cases, with one exception: anamolous production of atomic
nitrogen in absorbed surface layers remains under study.

Current research is attempting to build on this previous experience to
develop NPL systems with three important characteristics: higher efficiency,
energy storage capability, and UFg volume pumping. Ideally these charac-
teristics would be combined in one laser, but at the present stage of
development each is under separate study.

Excimer lasers are viewed as a prime candidate for efficiency and in-

deed previous studies at I11inois verified that, like the electrical case,
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efficient channeling into the upper level of XeF* occurs with nuclear
pumping.(3) Careful selection of buffer gas mixture ratios may make
achievement of oscillation possible in a fast burst reactor, but the high
flux threshold appears to relegate the excimers to a position of a nuclear
“flashlamp" for photolytic pumping of a second gas. This could still be
attractive, especially with UFg addition to the flashlamp region, which is
under study. Experiments under preparation involve adding UFg (both nat-
ural and enriched) to the boron-coated XeF* gain cell used in previous work.
SER measurements are then possible and will be used for parametric studies
of optimum in-core mixtures for UFg and buffer. Further, facilities to
examine the effect of elevated temperature on excimer - UFg systems -

have been designed.

Energy storage studies to date have concentrated on the atomic carbon
laser where millisecond delays have been observed between the reactor pulse
and Tasing. As described in a companion paper by M. Pre]as,(4) this
is attributed to metastables involved in the pumping steps, as opposed to
the Tifetime of the upper state. A prime candidate for achieving nuclear
pumping with a long-lived upper state is the iodine laser. Various methods
of pumping I* are now being investigated, including XeBr* photolytic pumping
and 0o(a'A) collisional pumping. In conclusion, it might be noted that
ours is the only group currently carrying out NPL experiments with a TRIGA-
type pulsed reactor. Compared to the fast burst reactors used by others,
the TRIGA has a broader pulse (~ 10 vs ~ 0.1 msec thermal pulse FWHM) with a

somewhat lower peak flux (> 1015 VS ~ 1017 n/cmz—sec). This
puts the TRIGA at a disadvantage in pumping high threshold lasers, but from

the view point of practical applications, these fluxes seem more realistic.
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Further the ease of access via beam ports combined with a good repetition
rate (~ 1 pulse per 20 min) make the TRIGA an ideal facility for
accumulating data needed for studies of basic mechanisms and parametric
variations for NPLs. Consequently, it appears that our group could play
two vital roles in the NASA NPL research effort, namely

arfarm detailed knetic/
i1l b WL W n LAY 4

n matric studies on NP
lJ\.- (11} 1 B - LR \¥ 4 A ]

(1) to tud n NPL v
at fast burst facilities, or elsewhere, and
(2) to provide reactor-based verification of predictions from
simulation experiments using e-beams.

References

1. G. H. Miley, "Direct Nuclear Pumped Lasers - Status and Potential

Applications," Laser Interactions and Related Plasma Phenomena, (H.

Schwarz and H. Hora, eds.) Plenum Press, Vol. 4A, pp. 181-229, 1977.

™
T
i°)
o
(@]
(@)
(o

M. A. Prelas, J. H. Anderson, S. J. S. Nagalingam, and G.

H. Miley, "Progress in Nuclear Pumped Lasers," Radiation Energy

Conversion in Space, edited by Kenneth W. Billman, Vol. 61 of Progress

in Astronautics and Aeronautics, AIAA, pp 371-340. 1978.
3. G. H. Miley, S. Jd. S. Nagalingam, F. P. Boody, and M. A. Prelas,

"Production of XeF(B) by Nuclear Pumping," Proc. Int. Conf. on Lasers

'78, 1978. pp 5-13.
4. M. A. Prelas, Nuclear Pumping Mechanisms in Atomic Carbon and in
Excimers. Nuclear-Pumped Lasers, NASA CP-2107, pp. 23-26. (Paper no. 7

of these proceedings.)

39






Nuclear Pumping Mechanisms in
Atomic Carbon and in Excimers
by
M. A. Prelas
Fusion Studies Laboratory
Nuclear Engineering Program
University of I1linois
Urbana, I11inois 61801
Results from two recent research efforts at the University of Illinois
will be discussed: the atomic carbon and XeF* nuclear pumping experiments.
The atomic carbon NPL has three unique featuresl. First, the atomic
carbon NPL in mixtures of He + COz, Ne + CO, COp, and Ar + COp has
demonstrated a delay between the laser signal and the excitation pulse,
while in He + CO mixtures no delay was observed. Second, the laser thresh-
old is achieved at a lower power deposition than its electrically pumped
counterpart (~.5 w/cm3 vs ~ 90 w/cm3). Third, the Ar + CO» Taser has
only operated as an NPL.
An experimental and computer modeling program, established at the U. of
IL, has shown that in mixtures of He + CO the NPL 1is populated by a direct
mechanism:2
He(23s) + CO -~ C(3p 1Pl) + 0 + He.
The delay observed in He + CO» mixtures occurs due to the relative
sTowness of the various steps required to dissociate CO» to form 0:2
He* + COp ~ CO3 + e + He
He* + COp - CO* + 0 + He
Cop* + e > CO* + 0

co* + M >~ CO + M + AE.
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Nuclear pumping of the excimer systems is also under study at
I11inois. This potentially offers an important technique for achieving high
power lasers due to the possibility of exciting large volumes of gases.
Excimer lasers have several features which are important for nuclear
pumping. First, they required rare gas metastables and ions, major products
in nuclear pumped rare gas plasma, to populate the upper laser level.
Second, rare gas-fluorine excimers appear to be kinetically compatible with
UFg; a potential volume pumping source. Third, due to selective
channeling into the upper state, excimers offer good fluorescence and lasing
efficiency.

Experiments with the XeF excimer at the University of I11inois have
shown some promising results3s4, First, at lower total pressures the
Ar buffer gases are superior to Ne: both Ar and Ne are better than He.
Second, in mixtures of Ar/Xe/NF3, using the 10 surface source with
peak power deposition ranging from 1 to 37 w/cm3, a small signal gain of ~
0.01%/cm (less transients absorption) has been measured. Third, 50% of the
energy utilized in Ar metastable production goes into excimer formation.
Finally, extrapolation of these results shows that the XeF excimer in
Ar/Xe/NF3 mixtures could potentially oscillate with the higher flux
obtainable with a fast burst reactor giving a power deposition of ~ 1-5

KW/cm3.
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LaRC Results on

Nuclear Pumped Noble Gas Lasers

R. J. De Young

A1l the noble gases except He have now lased with nuclear
excitation. The noble gas nuclear lasers are the best understood
systems thus far and lasing has been achieved with both 3He and
fission fragment pumping. The noble gas nuclear lasing transi-
tions are shown in figure 1. HNuclear pumping of neon (not shown)
at 632.8 nm has been achieved by the nuclear laser group of the
University of Florida.[1] As shown in figure 1, lasing has
occurred for wavelengths of 1.79 um to 3.65 um, at pressures from
400 Torr to 4 Atm, and for noble gas concentrations from 0.01% to
30%.L2] 1t is the purpose of this paper to review the recent
experimental and theoretical results obtained for noble gas
systems.

In figure 2 the power deposited in 3He and 235UF6
is shown for the 3He(n,p)3H and 235yFg(n,ff)FF reaction
respectively assuming no loss of charged particles to the
container walls. From the figure it can be seen that nuclear

pumping cannot match the power deposited from typical E-beam

machines; thus, potential nuclear laser systems must have
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reasonable gain at low power deposition rates. This is exactly
the case for the He noble'gas mixture lasers.

The gain of a laser medium can be written as:

2
Y(v) = g—‘t—:;;]‘ [Ny - Nq(gp/91)] 9(v) (1)

(av/2m)
v - vl + (8v/2)2 ()

where g(v) = (

is the Lorentzian lineshape function. At line center the gain

becomes
2
'Y = >\ - A 3
0 7 tepon [Ny - (95/97) Nq1 /av (3)

where A is the full width at half maximum of the laser
transition.

By noting eq. 3 we can understand why the noble gas lasers
are so easily pumped under nuclear excitation. First, all the
lasing wavelengths are in the infrared maximizing the gain by AZ2;
second, the inversion density [N, - Ny(gp/g1)] is easily main-
tained since for all the transitions the upper laser level life-
time is longer than the Tower laser level lifetime and minimal
pumping of the lower laser level occurs. Third, Av for all noble
gas laser transitions is small (as compared to excimer systems
for example). Fourth, tspon the radiative lifetime is short but
not shorter than the lifetime of the lower laser level. Thus, it
is clear why the noble gas systems can be easily pumped with

nuclear or electrical excitation.
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Noble Gas lLaser Excitation Mechanisms

Noting again figure 1, it is observed that the noble gases
form a Penning mixture with He nmetastables. Also, charge
transfer from Hez+ can efficiently ionize the minority Ar,

Kr, or Xe Tlasing species. In either case a high density of
noble gas atomic ions is produced. Calculations were undertaken
for the 3He-Ar nuclear laser which are summarized in the
generalized energy block diagram as shown in figure 3 for 3He-Ar
but are equally valid for He-Kr, or He-Xe.[3] Here the
efficient production, by charge transfer and Penning ionization,
of Ar* is shown. Loss of Ar* occurs from three body associa-
tion to form Ar2+ or from collisional-radiative recombination
which after radiative cascade eventually pumps the upper laser
level of the 1.79 ym Ar transition. The lower laser level is
pumped predominately by dissociative recombination of Ar2+;
thus, the minority gas species must be kept low to retard forma-
tion of Ar2+, Kr2+, or Xe2+. The favorable lifetimes of

the upper and lower laser levels ensure a population inversion if
purmiping from Arp* dissociative recombination is kept small.

Figure 4 shows a schematic diagram of the Art collisional-
radiative model used to calculate the flow of energy after
recombination. The atomic states within the Saha region are in
equilibrium with the free electrons and the states there are
assumed to be completely collision dominated. States below the

Saha region are assumed to be completely radiative dominated, and
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the radiative energy flow into the upper laser level is calcu-
lated using the Ar transitions probabilities. Using this
model, reasonable gain and power output for the Ar 1.79 um
laser transition were calculated and compared favorably to

experinmental measurements.

Figure 5 is a comparison between calculated and experimental

laser inversion density vs. argon concentration. The results are

quite good and should be equally adaptable to the He-Kr and

He-Xe systems.

Large Volume Noble Gas Nuclear Pumped Lasers

As noted in figure 2, the pumping power densities for
nuclear lasers are small; thus, in order to achieve high power
outputs, it is necessary to use large volumes of excited gas.
This can be done easily with nuclear pumping since neutrons can
penetrate deeply into a high pressure gaseous medium.

Figure 6 shows a nuclear pumped multiple pass box laser
presently used for large volume lasing experiments with noble
gases.[4] The laser frame is made of stainless steel with
aluminum cover plates on which a polyethylene moderator is
attached. Gold plane mirrors are aligned internally to reflect
the laser beam back and forth through the excited gaseous
medium. External dielectric coated mirrors form an optical
cavity for laser experiments; alternatively, this configuration
could be used as an amplifier by using an external oscillator.

Lasing is detected by a multiple element 1InAs array.
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The volume here is 4800 cm3 as compared to 200 cm3 for the
cylindrical noble gas nuclear lasers. In figure 7 the box laser
and cylindrical laser resuits are co
of the multiple pass large volume systems. Approximately 100
watts peak power has been achieved from box laser II, thus far,
from 3He-Ar lasing at 1.79 um. In figure 8 another plot is
shown of the comparison between box and cylindrical laser output

as a function of time indicating the progress made with noble gas

systems.

Fission Fragment Pumped Ar-Xe Lasing

Experiments were undertaken on the Ar-Xe system with

235UF6 fission fragment pumping.[5] This system was “found to

g
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lase well 1
added UFg. Since Ar has a stopping distance of 7 cm compared
to a He distance of 28 cm for fission fragments, it was thought
that the Ar-Xe system would be the most ideal candidate for
noble gas fission fragment pumping.

Initial experiments at the reactor used 600 Torr Ar-3% Xe
(3% Xe was found to be the optimum concentration for high-
pressure electrically pulsed lasing at 2.65 um) with from 5 to
20% 235UFg. No lasing was observed. A pressure transducer was
attached to the laser cell with a response time fast enough to

detect the gas pressure pulse during the reactor neutron pulse.

The output of the pressure transducer is shown in figure 9. Also
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shown is the thermal neutron pulse. The pressure pulse is made
from shock waves created by the thermal neutron pulse, as shown
at the bottom of figure 9. As the 235UFg concentration was
lowered in Ar-Xe, it was noted that the pressure pulse did not
change. Thus, Ar-Xe was then pulsed with no added 235UFg and
lasing was observed from the Ar-Xe mixture at 2.65 um. The
origin of the excitation energy is shown in figure 10. After
many 235UF5 fillings, UFg, UFg, etc., was deposited on the
inner laser cell wall, thus creating a source of fission
fragments. Mo more than 1 Torr of 235UFg could be added to the
Ar-Xe before laser quenching would result. Since the
fissionable coating was not homogeneously deposited on the wall,
uneven excitation of the gas medium would result. This was
observed as shown in figure 11 where a typical Ar-Xe laser
output is compared to the thermal neutron pulse. Also shown is
the Taser output at 2.027 um, which was considerably lower than
the 2.65 um laser output. The erratic nature of the excitation
source is readily observed.

This is the first laser system to be pumped with fission
fragments from 235yFg and with a higher Q optical cavity it may
be possible to add sufficient gaseous 235UFg to actually pump

Ar-Xe directly.

Conclusions

It has been shown that the noble gas lasers are among the

easiest systems to pump by nuclear excitation and as a result all
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the noble gases except He have lased under nuclear excitation.
The noble gas systems are not ideal for high-power applications
but they do give valuable insight into the operation and pumping

mechanisms associated with nuclear lasers. At present, the

sot am + b 2%
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pumping. It appears that the quenching of Ar-Xe lasing is a
result of the fluorine and not the uranium or fission fragments
themselves. Thus, to achieve lasing with UFg, a fluorine

compatible system must be found.

References

1. R. T. Schneider, Basic Research Relevant to CW-Nuclear Pumped

Lasers, NASA CR-158837, 1979,

2. R. J. DeYoung, N. W. Jalufka, and F. Hohl, AIAA J., 16, 991
(1978).

3. J. W. Wilson, R. J. DeYoung, and . L. Harries, J. AppT.
Phys., 50, 1226 (1979).

4. R. J. DeYoung and F. Hohl, First Int. Sym. on Fission Induced

Plasmas and Nuclear Pumped Lasers, Orsay, France,
May 23-25, 1978.

5. L. A. Newman and T. A. De Temple, Appl. Phys. Let., 27, 678
(1975).

51



52

Energy (eV)

24

2 F

20

18

16

[
£

12

10

24,58

N+

\\\Q&\\\\\ He

2062 28
9.8  2°s

f
- >
=

Energy Level Diagram of

THe DNP Lasers

G2t

i :d—_I JL2WT13996

[___——‘—’—.
17920 Zp (3 2% (1/2) W02 612

Xe+

2 5d(7/2)§

2, 65.um

- laser
T asGID 5p(3_£/2) ~2.194 5(31/227)? ==
) 55 (31 2) Wﬁp“/\zﬂ,\@(ﬁ
- TR
i
He Ar Kr Xe
Figure 1

3. 5um




3

Power Deposited (Watts/m

i0

10

POWER DEPOSITED vs. NUCLEAR AND E— BEAM EXCITATION

[ APEX-1 E-Beam , 100kamps
[ I00%235UF6 Nuclear Pumping
=
- 6 =10 n/i:mz-sec
N
|00%3He Nuclear Pumping
¢= I0|7r}/cm2-sec

| | | o i J

0 | 2 3 4 5 6 7

Pressure, atm.

Figure 2

53



54

Collisionai Processes in 3He-Ar DNP Laser

He —i-> He* _ﬁ——» He;
2" 2" Ar, He
- S
He i He*
Ar
e 2Ar +
Ar —————p Art p————p Ar2

2e”

Ar———— AT

1.79u laser

Photon
Decay

Figure 3

§



STATES TREATED IN ARGON RECOMBINATION MODEL

l\r+

Laser output, arbitrary units

.60

.45

.30

.15

Figure 4

Saha Region (states are completely

collision dominated)

Radiative Region (states are completely

radiative dominated)

.0

Argon concentration, percent

Figure 5

1 T I
i
o
COMPARISION OF CALCULATED AND -
EXPERIMENTAL 3'He-Ar LASER QUTPUT
P =.54atm
i f0 =6 x 1016 n/t:m2 S -
i Celli.d. =2cm
1 | 1
.1 L 10, 100

55



He-Ne

NUCLEAR PUMPED MULTIPLE PASS BOX LASER G\ Alignment Laser

Polyethylene Moderator

[0)

Back Cavity Mirror

X,

A Y

X

AT

(R TR
— — B

Gold or Aluminum
Plane Mirror

ALY
RN

R
N

2

L

i

Neutral Density Filter Fast-Burst Reactor

Brewster Angle Window

Dielectric Gutput Mirror

[nAs Arra} Detector

Figure 6

56



PEAK LASER QUTPUT FROM CYLINDRICAL AND BOX LASERS
100

= 3He- AT, 1. 79 um
~ 3 6x10™ Av. Flux

He-ZZi%r 20%T Output Mirror
[~ 2, 75x10° fjux Box Laser T
™ Box laserIL
B 3

He-I%Ar, I 79um
10

ix 1017 Av, Flux

[%T Output Mirror

Cylindrical Laser
—

m'SxIO'(J Av, Flux

Box Laser T
0. 5%Xe, 2. 027um
2 3x1016 Av, Flux

T T

PEAK LASER OUTPUT (WATTS)
S

3He-0,5% Xe, 2. 027um
1% 107 Av. Flux

0l 20%T Output Mirror
E Cylindrical Laser
-
-
0.0l | ] 1 I ]
0 1 2 3 4 5

TOTAL PRESSURE (ATM)

Figure 7




OUTPUT POWER, WATTS

58

10000 p—

100 b

10—

Lo}

PROGRESS WITH NUCLEAR PUMPED LASERS

BOX LASER I
BOX LASER | 600T SHe-Ar(2)
2. 75x1016 n/ cm2-sec
8007 He-Ar(1%
3 2.9x1016 n/ cm“-sec
1500T “He-Ar

10007 2He-Ar

3, 2x1010 n/ cm2-sec

5, 8x1016 n/ ¢m2-sec
CYLINDRICAL LASER

15007 >He-Ar(0, 7%)
6x1016 n/ cm2-sec

0.1p 3
600T ~He-Ar{1%)
1x10*! n/ cmé-sec
L | { J
1976 1977 1978 1979 1980
DATE
Figure 8




FISSION FRAGMENT PUMPED Ar-Xe PRESSURE PULSE

- 600Torr, Ar-37ZXe

Pressure Transducer
Output

310 kPa, — J98
(45 Ib/in2) |

Thermal Neutron Pulse
8.6 x ol n_/em2-sec

0.5 millisecdiv ——

Thermal Flux Distribution
Pressure Transducer /,\/

NN

/
— l\——P\
YA

Laser Cell

Figure 9

59



60

Fission Fragments

n » 235
Ar-Xe ALMOST Ul"6 PUMPED NUCLEAR LASER
= 600 Torr, Ar-3%Xe

-8 x 06 n/:mz- sec

Quartz Laser Cell

BSUF Coating

6

Thermal Neutron Flux

Figure 10

T 1T 71T 1T 11T 7T T T T T 1

FISSION FRAGMENT LASING IN Ar-Xe

~3%Xe, 600Torr Ar-Xe —
- T.7x lt'J|6 n/cmz-sec

Neutron Pulse Lasing at 2. 654m in Ar-Xe

SN

units)

Lasing at 2. 027.4m in Ar-Xe

Laser Output {rel.

I S N \?‘"P—un

50usec/Alv

Figure 11




Nuclear Excitation of CO» and CO
, N. W. Jalufka
NASA, Langley Recearch Center
Hampton, Virginia 23665
The C02 laser with its high efficiency and high power output (in
both CW and pulsed nodes) has been of considerable interest to
researchers in the direct nuclear pumped laser field. So far, direct
nuclear pumped lasing of the CO2 laser has not been achieved and the
results obtained are limited. The first nuclear pumped CO2 laser
experiments were carried out by DeShong at the Argonne National
Laboratoryl. DeShong used B-10 coatings and electrical pumping to

8

tharmal 111 O
eridy

a - vy nf § v 1
“u “il i @ UNn A} ~ N FS

(e

he observed an increase in laser threshold but obtained insufficient
data to explain this result. Allario and Schneider2 observed
enhancement of the output of a 3He-Np-C0y laser when the laser was
placed in a pulsed thermal neutron field of < 108 n cm=2 sec-1l.
Experiments by Ganley, Verdeyen and Miley3 showed an increase in the
power and efficiency of a CO2 laser when the discharge was irradiated
with energetic o and Li ions produced by the (n, o) reaction in B-10.
Andriyakhin et a1.4 have also carried out experiments with nuclear
enhancement of CO2 lasers. McArthur, Miller and Tollefsrud® measured
“a small signal gain of =~ 0.04 cm~l in an electrically pulsed CO, system

using a fast burst reactor as a preionizer.
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The nuclear pumped laser research group at the NASA Langley
Research Center has made several attempts to obtain lasing in COp2
using the U. S. Army's fastburst reactor at the Aberdeen Proving
Ground, MD.

High power output is achieved in the electrical discharge COp
laser by the addition of N2. Vibrational energy is transferred from
the v=1 meta-stable level of Ny to the 001 level of (02 which is
the upper laser level (Figure 1). However, it is not clear that this
mechanism would be the primary means of exciting the upper laser level
in a nuclear excited discharge as these discharges, due to high
densities and Tow temperatures, tend to be dominated by collisional-
radiative recombination. Consequently, mixtures of C0o=3He were
tried as well as COp-Np-3He.

The nuclear excited laser experiments were carried out using a
2.5 cm 0D quartz tube 80 cm long. The ends were cut at Brewsters'
Angle and were fitted with KCf& windows. The tube was placed inside
a 60 cm Tong by 15 cm OD CpHp moderator and was connected to a gas
handling and vacuum pumping system. The cavity consisted of 2.5 cm
diameter mirrors either Ge or gold coated. Both mirror sets
erployed consisted of a flat back mirror and a 10 meter radius of
curvature output mirror with a 1.5- to 2-mm diameter hole for output
coupling. The detector was an AuGe operated at 77°K and was placed
such that it was well shielded against radiation. Table 1 lists the
various conditions of gas mixture, total pressure and neutron flux
used in these experiments. In no case was any indication of lasing

observed.
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Futher study of the CO2 system was directed to an experiment to
measure gain in a nuclear pumped COz amplifier system. The experi-
mental set up is shown in Figure 2 and consisted of a C.W. CO»
laser, which served as a probe laser, a 2.5 cm ID by 70 cm long quartz
cell with flat NaCs windows and an AuGe detector operated at 77°.
The quartz cell was placed inside a 60 cm long by 15 cm 0D CoHp
moderator and was connected to the gas handling and vacuum system.

The beam from the probe laser was directed through the amplifier cell
and was focussed onto the AuGe detector with a BaFp Tlens. The
probe laser was operated at a power level of 100 mW which produced a
50 mV signal from the AuGe detector. The power output of the probe
laser was monitored during the reactor pulse by observing the DC power
output of the AuGe detector. The nuclear pumped amplifier tube was
filled to 1 atmosphere pressure with a gas mixture consisting of equal
parts COp and N2 (up to 20%) and the balance 3He.

No gain (increase in probe laser signal) was observed for any of
the reactor pulses. Absorption did occur during the reactor pulse and
lasted for several milliseconds into the afterglow reaching 100%
absorption at 20% COp. These results are shown in Figure 3. These
results suggest that it is the lower laser level which is strongly
pumped by the nuclear discharge. Figure 4 is a plot of the Maxwellian
part of the electron energy distribution for temperatures of 300, 600,
and 900°K. Cross sections for electron impact excitation of several
vibrational levels (including the upper laser level) are also shown on
the figure. The 010 is the first excited vibrational level and is

coupled to both the 020 level (lower laser level of the 9.4 um band)
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and the 100 level (lower laser level of the 10.6 um band). The cross
section for the 020 Tevel is plotted and this level is also
representative of the 100 level since both are 235 states and differ
by only 0.013 eV in energy. The 001 level is the upper laser level.
Collisional excitation rates into these levels are proportional to the
convolution of the electron distribution curve with the cross section.
From figure 4 it is apparent that for electron temperatures below
900°K, population of the lower levels will dominate over the upper
level. This agrees with our experimental results as the 100 level was
responsible for the absorption which was measured. Therefore, it
appears that at the temperatures and electron energy distribution
encountered in direct nuclear pumped lasers, electron collisons (at
least in the Maxwellian part of the distribution) are detrimental to a
population inversion.

We are also carrying out experiments on a 3He-CO system. The
laser tube is cooled by a closely wrapped coil of P.V.C. tubing
through which liquid Np flows. We have been able to maintain a tube
wall temperature of 100 °K in this way and the system lases readily in

the laboratory with peak power output of several Watts.
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TABLE |
CO, NPL EXPERIMENTS
3 Total Neutron
Pulse No. %CO2 %N2 % He Press. Yield Resuits
1 20 - 80 100Torr  7.6x10° No Lasing
2 20 - 80 100Torr 7. 6x10° Back Mirror/
Blocked
3 20 - 80 400Torr  7.3x10" No Lasing
4 2.5 - o5  200Torr  42x0° No Lasing
5 2.5 -- 97.5 200 Torr 2. llxlO|6 No Lasing
259 10 2 70 600Torr  7.7x10° No Lasing
260 10 20 70 30Torr  7.7x10'° No Lasing
329 | 5 9.5 90 600Torr 9. 85x10'° No Lasing
330 5 9.5 90 600Torr 9, 24x10° No Lasing
Tube Cooled
with fig. N,
Vapor

—-—____k
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Nuclear Pumped Laser Modeling

J. W. Wilson and A.AShgpiro
Langiey Research Center
Hampton, VA - 23665

We developed.a mode]_for an.indireﬁtly'nucleér pumped.]aser
experimenf. The apparatus consists of the usua} cy]indrical. |
neutron moderator enc1oéing a gas filled quartz cell. The quartz
cell in this case has two concentric compartments; the larger
outer compartment is filied with 3He and fliuorescent gases which
are coupled radiatively to the inner compartient which is filled
with a lasing gas for efficient optical pumping. A cross section
of the system is shown in figure 1. The fluorescent gas in this
study is taken as a mixture of Ar, Kr and F2. The perfluoro-
alkyliodide is chosen as the lasant material of the inner
compartment.

The alkyliodide is photodissociated to form atomic iodine in
the 2p state which slowly radiates to the ground atomic state.
Collisional de-excitation is slow for alkyliodide, except for the
methyliodide, so that energy storage is greatly facilitated. The
photoabsorption cross section is shown in figure 2 for two
different iodides for which good absorption is achieved between
250 and 320 nm depending on the choice of material.

Some candidate excimer fluorescent systems are given in
figure 3. The maximum fluorescent efficiency (“rad) and maximum
laser efficiency (n j55ep) for the 1.315 ym atomic iodine line
are given. Important kinetic factors are not included in these

efficiencies.
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We have calculated with a simple model the degree of
photoabsorption in the lasant gas of the KrF* and ArpF* excimer
fluorescence by assuming the quartz cell to be surrounded by a
polished aluminum reflector. The dimensions used are those given
in figure 1 and absorption in the fluorescent gas was neglected.
The fractional absorption is shown in figure 4 as a function of
C3F7I pressure in the inner compartmeht. Nearly complete
absorption is achieved above about 60 torr.

The emphasis of the present work is to evaluate the kinetic
efficiencies of various gas combinations in the outer
fluorescence tube with intent to maximize the fluorescence output
in the iodine pump band. The kinetic processes in the model are
listed in figure 5. Most reaction rates have been found in the
literature although a few are taken to be "typical" values.

The main Kinetic sequence is shown in figure 6. Energy is
supplied to the gas from kinetic energy of reaction products
formed in the 3He gas by thermal neutrons. This kinetic energy
is transferred to the gas through impact in which positive ions
and free electrons are formed and various atomic and molecular
states are excited. This impact energy is handed over to the
dominant gas species in the tube which we will show to be 3He and
Ar at the peak fluorescence output. The reactions labeled in
figure 6 are those which appear dominant according to a detailed
kinetics model,

Results of the kinetics model are shown in figure 7. The
total gas pressure was taken as 1 atmosphere with 0.5 torr of F2

added. Larger amounts of F2 shows serious quenching. A




parametric study was made to determine the best mixture of gases
for peak KrF* output. High 3He concentrations result in
excessive leakage of the 3He reaction products to the cell walls
because of the small 3He ionization cross section. Too little
3He reduces the input power level and about 75 percent appears to
be about the best 3He concentration. The remaining 25 percent of
the gas is to be divided between Ar and Kr. If too Tittle Kr is
used then ArF* becomes the dominant fluorescence. If too much Kr
is used the KrF* is lost to the formation of the trimolecular
excimer KroF*,

Similar results are obtained at 2 and 3 atmospheres of total
pressure in figures 8 and 9. The optimum Kr concentration is
reduced at higher pressure due to the increased importance of
KroF* formation.

The effects of varying the Fo concentration are shown in
figure 10 from which it is seen that the optimum is between 0.15
and 0.2 torr. The radiative power output at 1 atm is

Lo = 1.1 x 1021 ev/cm3 sec
The input power is

nj = 7.75 x 102lev/cm3 sec
for an overall radiative efficiency of

Nead = 14.25%
and kinetic efficfency of

n, = 42%

This high kinetic efficiency is achieved only if the F2
concentrations are kept sufficiently low so as to minimize

quenching. Thus, the dominant negative particles in the plasma
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are free electrons with the result that positive ion Tosses arise
through recombination and excimer formation is through the

metastables as follows:

Arot + Kpr —s=— Krt + 2 Ar
Krt + e + M —==— Kr* + M
Kr* + o — = KrF* + F

We consider now the use of a 3He/Ar/F2 mixture to generate
AroF* fluorescence at 284 nm. Figure 11 shows the fluorescence
output for various 3He concentrations. The efficient conversion
into ArpF* requires high Ar concentration as {ndicated in the
figure.

Figure 12 shows the fluorescence output for 0.5 atm of 3He
as a function of Ar pressure. Ajain efficient conversion occurs
for high Ar pressure. Similar results are shown in figures 13
and 14. The total radiant output at 1 atm of 3He is

Zo = 1.5 x 1021 ev/cm3-sec
with the corresponding input of

zj = 1.02 x 1022 eV/cm3-sec.
The overall radiative efficiency is

Nrad = 14.7%
with a corresponding kinetic efficiency of

ng = 06%
This high kiaetic efficiency is possible only if the F2
concentration is kept sufficiently small to prevent quenching.
As a résu]t,lthe dominant negative particles in the plasma are

free electrons with the result that positive ion losses are
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through electronic recombination and excimer formation is through
the action of metastables as follows:

Arpt + @ ——= Ar* + Ar

Ar* + Ar + M— Arp* + M

Arp* + Fp ——— ArpF* + F
as the main kinetic sequence and an important secondary sequence
as follows:

Ar* + Fg —— Arf* +F

ArF* + Ar + M —= AroF* + M
The ArgoF* radiative output is shown as a function of F»
concentration in figure 15.

Replacement of the Fo by NF3 in the KrfF system reduces the

output due to the reduced excimer formation rate

Kr* + NF3 — Krf* + NF)
as compared to the

Kr* + Fp ———= Krf* + F
In addition, the rate

Kr* + NF3 ——= Kr + NF3
is very compatitive with excimer formation whereas

Kr* + Fyg ——— Kr + Fp
does not occur. Insufficient data is presently available to
Jjudge the effect of replacing NF3 with F2 in the ArpF system.
Indications are, however, that F, is probably the more efficient

fluorine donor.
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INDIRECT NUCLEAR PUMPED IODINE LASER

Neutron Moderator

3He/ Ar/Kr/ Fy

15¢m

Figure 1
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Fractional absorption

RARE GAS UV FLUORESCENCE

Ag nm €y eV W, eV Npad Njaser %
Ar, 126 9.86 21.3 50,5 --
ArfF 193 6,44 21.3 33.0 --
ArF 284 437 27.3 22.4 3.5
Kr2 147 8.45 24.9 47.5 --
KrF 249 4,99 24.9 34.0 3.8
KrzF 415 2.99 24,9 16. 8 --
Xe2 172 1.22 21.2 47.7 --
XeF 346 3.59 21.2 3.7 --
XeBr 282 4,41 2L 2 29.1 4.4
Xel 252 5. 65 2.2 37.2 4.4
Figure 3

UV ABSORPTION IN ISOPROPYLIODIDE

tube dia. = 1.8 cm

40

C3F7I ,

Figure 4

torr

60
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BASIC KINETIC SEQUENCE OF NUCLEAR PUMPED EXCIMERS

| nput
Energy
Y

3He

Charge Transfer
and
Penning lonization
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KINETIC PROCESSES

Excitation and lonization
prX —= X +e+p
— X +p
Charge Transfer, Penning lonization, Electron Attachment
Xo+Y —= X+Y)
X +Y —= X+Y +e
e+f, —= F7+F
lonic Neutralization
Y e — YE
Fy+F"—= 3F
Electronic Recombination

Yi+e+tM—=Y) +M
Y tete-—=Y +e
F2+e —=2F

Dimerization, Excimer Formation

Xo+Y + M= (XY)E 4+ M
XTHY £ M 0" +

Excitation Transfer

X"+ —= x4+v*
Quenching

0N Mo X+Y +M
Harpoon

ArF" +Kr —KrE” + Ar
Radiative Decay

XF)" —» X+F +hy

Figure 5

Input
Energy
{ AssoC Assoc
Al ATE® ArE"
nch
Excitation FZ Que Har
Transfer poon
Assoc
Assoc *
Kr* KrF* KFZF
F2 Quench
Figure 6
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KINETICS OF A CO2

NUCLEAR PUMPED LASER*

H. A. Hassan*#*
Mechanical and Aerospace Engineering Department
North Carolina State University, Raleigh, North Carolina 27650

. Abstract

A detailed kinetic model is presented for the
analysis of a nuclear pumped CO,-N,-He laser system.
The model assumes that collisional recombination is
the dominant pumping mechanism. The results show
that, for mixtures typical of those employed in
electric discharge systems, the gain coefficients
are such that lasing is not expected to take place.
On the other hand, concentrations of CO2 in the
range 1/2%-3% are optimal for direct nuclear pumping.

Introduction

Direct nuclear pumping (DNP) was demonstrated
in 1975 using a wall source of fission fragments®’
and in 1976 using a volume source of fission frag-
ments-. Since these developments, such pumping was
demonstrated at a number of laboratories using
molecular and atomic systems with one notable excep-
tion, namely, COz. The situation was further com-
plicated by a study® of a direct nuclear pumped CO2
system in which the authors concluded that such a
system was not feasible. Upon careful examination
of this work it became evident that the authors
ignored the dominant pumping mechanism, which is
collisional recombination’? and, as such, their
conclusions cannot be considered valid.

In principle, there is no obvious reason for
such a behavior especially because such a system has
been highly successful as an electric discharge
laser. Therefore, this work is undertaken with the
objective of explaining the mystery surrounding the
direct nuclear pumping of CO, lasers. To achieve
this objective a detailed kinetic model which incor-
porates all important reactions in a “He-N,-CO, mix-
ture is presented. The choice of a volume sougce of
fission fragments, resulting from the “He(n,p)’H
reaction, ensures more efficient energy utilizatjion.
Because the dominant component of the system is -He,
it is assumed that the energy of the fission frag-
ments, which are protons and tritons, is deposited
first into He in the form of ionization and excita-
tion and then is transferred to the excited states
of €O, by charge transfer, Penning ionization and
recombination. This mechanism og nuclear pumping
has been substantiated by theory” and experiment
for a “He - Xe system. Because they are essentially
thermal’> , direct electron excitation is not taken
into consideration in this study.

Based on the above model, it is shown that for
mixtures representative of electric discharge
systems, the gain coefficients are such that lasing
is not expected to take place. On the other hand,
for a pressure of the order of one atmosphere, and
neutron flux of the order of 3 x 10°° n/cm”® sec,
concentrations of CO, in the range 1/2% -~ 3% are
optimal for direct nuclear pumping.

* Supported, in part, by NASA Grant NSG 1058,
**Professor, Associate Fellow AIAA.

Analytical Formulation

1. General Considerations

The experimental setup representative of a
nuclear pumped laser by a volume source of fission
fragments consists of a tube filled with fissionable
material and a lasing medium surrounded by a modera-
tor and placed in a fast-burst reactor, Fig. 1.

When the thermalized neutrons interact with the
fissionable material, high-energy fission fragments
are formed and these, together with the primary and
secondary electrong, ionize and excite the back-
ground gas. When “He is used, the fission fragments
are protons and tritons with average initial energies
of 0.57 Mev and 0.19 Mev, respectively. The elec—
trons are essentially thermal but non-Maxwellian’:
and thus the resulting plasma is recombination
dominated. This implies that the dominant pumping
mechanism is collisional recombination and not
electron excitation.

By treating particles in the various excited
states as different species, the multifluid conser-
vation equations may be used to describe the plasma
generated by the 3He (n,p) 3H reaction. The experi-
mental arrangements of current DNP lasers are such
that the steady state approximation, i.e., where the
effects of gradients are negligible, is appropriate.
As may be seen from Ref. 9, the pressures and tem-
peratures for such experiments are essentially con-
stant and the composition is obtained from the
relation

R =0 D

where Rs is the production rate of species ‘s’
resulting from both nuclear and kinetic processes.
To determine R_ one needs to estimate the rates of
ionization and excitation of He atoms and the
important kinetic processes in the CO —Nz—He system.
For representative tube diameters (2—% cm) and pres-
sures of the order of one atmosphere, Wilson and
DeYoung derived the following expression for the
power density, Pd’ released by “He(n,p)~”H reaction

-18 3
Pd =9,3x 10 p fo xHe(kw/cm ) (2)

where p is_the pressure in atmospheres, fo is the
flux (n/cm“ sec) of thermal electrouns and XHe is
the “He fraction. If one assumes that N, and CO
concentrations are small, then the energy required
to create an excited or ionized state, i.e., the 'w'
values, may be approximated by those appropriate for
He. Thus, the production rates of Het and He* from
nuclear sources are obtained by dividing Pd by the

appropriate 'w' value.

With the productlon rates of et and He* from
nuclear sources known, the next step is to present
the important kinetic processes in the system. Such
processes must include pertinent charge transfer,
Penning ionization, recombination and V-V and V-T
energy transfer.
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2. Important Kinetic Processes

In a CO,-N,-He nuclear pumped system, there are
probably hunareas of kinetic processes that can take
place. Because the objective of this work is to
determine the range of operating conditions under
which nuclear pumping of CO., may become possible, no
attempt has been made to include all possible pro-
ducts or all known reactions. Thus, the analysis
considers twenty-five species and fifty-three simul~
taneous reactions. It should be noted that the
model can be easily expanded to allow for more
reaction products and more reactions.

+ .
At the high pressures of interest He_ is

formed. Rate of the reaction!!l 2
+
He + 2He - He; + He (3)
ranges from 6.78 x 10732 to 10.7 x 10_32 cm6/sec.

Because of reaction (31, the reactions included will
consist of those of He,, Het and He* with COZ’ N

and some of their reac%ion products together wit%
some mixed reactions.

Charge transfer reactions involving ions with
large recombination energies, such as He+, and poly-
atomic molecules tend to produce mainly dissociative
ion products. Dimer ions, such as He;, have some-
what lower recombination energies and therefore do
not cause as much dissociative ionization. Although
rates involving charge transfer reactions are known,
in most cases the reaction products are not. Thus,
certain uncertainties will exist in the kinetic
model. On the other hand, Penning ionization tends
to populate all the energetically accessible elec-
tronic molecular energy levels and consequently,
generates emission from a variety of electronic
states and Y}brational rotational sublevels within a
given state™“.

The recent work of Anicich gg_il.l3 shows that
the Het - N i

reaction yields 69% atom§c igns and 31%
molecular ions at a rate of 1.2 x 1077 cm”/sec. Thus
+

N, + He (4)
He+ + N2~> 2

+
N + N + He (5)

On the other hand, Slowing after-glow methods14 give
a rate of 1.5 x 10~ for N formation and 1.7 x 1077
for N* formation. The N, in reaction_(4) is cur-
rently a subject of some controversy “; some believe
it is Nj(’s¥) while others believe it is Ni(B%rh).

For the sake of simplicitg, He* is identified
with the metastable state He (2 S}. Collisions of
He; and He(2”°S) with N2 yieldls_

Hel + N. > NJ(B2ET) + 2He, [1.1 x 1077 (6)
2 2 2 u
wel + N+ He » NT(BZED) + 3We, [1.8 x 10727) (7)
2 2 2 u
3 + 2+ -11
He(2%5) + N, » Ny (875D + He + e, [6.96 x 10711 o

with the quantities in the square bracket indicating
the rates. The ions N+(C2£+) and NT(B2:Y) are con-
verted to their ground“statés by stimulafed and
spontaneous emissions and by collisions. Because we

8l

are not interested in the nitrogen laser, the N+
ions in the above reactions are treated as ions in
their ground state.

. A large number of possible states appear when
N, recombines. The literature is very sketchy as to
the results of such a recombination. Therefore, it
will be assumed that such a process will eventually
lead to N* = N,(v = 1) and to the ground state. The
important N, recombination_reactions and their rates
are summeriZed as follows ©~ <VY:

+ -
N +e >N 4N, [2.2%107] 9
Ny +M+e >N, tM, (107265 (10)
with M being a third body,
* * * -19
N+ N >N, +hv, [1.6 x 10 ] (11)
* * * -33
N +N +N, >N +N_, [2.4 x 10 ] (12)
2 2 2
+
At high pressures NA is formed according to the
reaction521
+ + -29
N, + 2N2 + N, + Ny, [5.0 x 10 ] (13)
+ -
N, + N, + He » NZ +He, [1.9 x 1072% (14)
and recombines according to the reaction19
+ -6
N4 +e > N2 + NZ’ 2 x10 7] (15)

Again, using the results of Ref. 5, one finds
that the major products of He + CO2 are

cot +0 +He, 772

He' + co, > 0" 4 co + e, 18% (16)
c 4 0, + He, 4%
. -9 3 -
with a rate of 1.2 x 10 cm” /sec. Similarly,
reactions involving He2 + CO2 yie1d15,
+
+
CO2 2He
+ -
He; + CO2 + <0 + CO + 2He, [1.6 x 10 9] (17)

+
CO + 0 + 2He
Co; + 3He

+ + -29
He, + CO, + He >0 +CO + 3He, [6.7 x 1071 g

CO+ + 0 + 3He

Parker 55_31.22 indicate that the fragment ion
produced in highest abundance is expected to be the

one whose appearance potential (AP) is nearest to
the recombination energy (RE) of the bombarding ion.



) In other words, a process for which the energy

! defect AE = RE — AP is nearest to zero should pre-

b dominate. For He+ the recombination energy varies
over the range 18 32— 20.3 §v+ The appearance

g potentials of COZ(A ﬂ ), ) (C 7)) are 17.32,

18.08 and 19.40 ev. respectively, wh¥le the appear-

ance potential of 0" (4S8 72 ) is 19 39 ev. Slmilarly,

the appearance potentiaf &f cot 2z ) + 0( P) is

19.56 ev. Thus, all of the products indicated in

reactions (17) and (18) are characterized by small

AE and, therefore, it is difficult to tell which

product is dominant.

Penning ionization of co, yields23

> He + cof 8.2 x 10710

3
He(2 7s) + CO2 2

+ e, 1 (19)

+

Two mechanisms for CO, recombination will be con-
19 2

sidered:”:

3 dissociative,

+ * -
o} +e+co’ +0, (3.8x107] (20)
and neutral stabilized,
* -
cof + e + M cor +M, [10728] @D

2 2

It will be assumed that CO in reaction (21) is
C02(100) which is the lower laser level. This
assumption is prompted by the observation that tran-
sitiong in COy involved mostly symmetric and bending
modes It is further assumed that excited N2
and CO will deposit their energy in the antisymmetric

mode of CO, which is the upper laser level. All
rates invo%ving the vibrational 'states of 002 have
the general representation
imKk=a+er V3 4cr 23 (22)
The reactions considered are
1
COZ(OIO) + M > CO2 + M, M= COZ’ NZ’CO’ He (23)
€0, (030,180) + M > cO_(0}0) + M, M = €O, N_, CO
2 2 2 27
(24)
co,(081) + M + co, (030,180) + M, M = co_, N_, CO
2 2 2 2°
(25)
co, (081) + co, + co, (030,180) + co,(0l0)  (26)
COZ(OOI) + N2 z CO2 + Nz(v =1) (27)
€0, (001) + co TCo, +CO(v =1 (28)

Other reactions employed in the kinetic model
and their respective rates are as follows

-9

He++02+He+0++0, 1.5 x 107°1  (29)

ot + co, 0'2P + 00, [1.2 x 10°°] (30)
+ -

ct+ co, > €0" + €0, [1.9 x 10 3! (31)

co* + co, » co; + €0, [1.1 x 1077 (32)

Ny + €0 > Co' + Ny, [0.7 x 10710 (33)
+ + -10
N, +co, > co2 + Nz, 9 x 10 ] (34)
+ -
N + COo ~ co+ + N, [5 x 10 1G] (35)
N+ co, > 00y + N, [1.3 x 107°] (36)
+ -
0, +e+0+0, [2.1x107] 37
+ —
0, +e+M~>0, +M, [10 26] (38)
-+ * _2
CO +e+M~>CO +M, [10 26] (39
~33
o+o+M+02+M, [3x 10 77} (40)
-31
0+CO+HM=>CO,+M, [10°] (41)

The rate quoted for reaction (41) is that appropri-
ate for NO. A value of 10~ was also employed in
the calculations with minor effects on the gain

coefficients for CO2 concentrations > 17%.

3. Gain and Power Calculations

If the rotational levels are in equilibrium at
a temperature T, the gain coeff1c1ent for a single
P-branch transition J of the o, (0d1) - co, (100)
band can be written as

2
= A — - -
v Z;'kT (23 - 1A - (sunu slnl)g(O) 42)
where
s, = B' expl- hCB'J(J - 1)/kT] (43)
s, = Bexpl- hCBJ(J + 1)/kT] (44)

A is the wave length, h is Planck's constant, k is

Boltzmann's constant, ¢ is the speed of light, Aul

is Einstein coefficient for spontanecus emission
from the upper to the lower laser level, n, and n
are the number depsities and B' and B are the rota-
tional constants of the upper and lower levels.
The quantity g(0) is the shape factor. For the
pressures required for DNP, homogeneous broadening
is dominant and thus

g(0) = 2/wAv (45)
where
1/2
avo=Erae (BEIL 41y, (46)
w iit T 'm m,
CO2 i

is the collision cross
is the particle mass of species i.

n, is the number density, o,
section and my

The gain coefficient can be calculated after a
solution of the governing equatious, i.e., Eqs. (1),
is achieved. On the other hand, the power output
depends on the cavity employed. Moreover, the
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kinetic model has to be supplemented by the reaction

c02(061) + hv coz(160) +2Zhv, v =c/A  (47)

The above reaction contributes - yI/hv and YI/gv,
respectivgly, to the production rates of CO,(001)
and €O, (100) where I is the intensity. To calculate
I an aaditional relationship is required and this is
provided by the threshold condition

y = - zn(rl'rz)/n 48)

where r. and r, are the reflectivities of the mirror
and L is the léngth of the cavity.

The calculation of I requires the simultaneous
solutions of Eqs. (1), (42) and (48). To calculate
the total power output, one needs to determine the
manner in which the intensity varies with area. If
the beam is Gaussian, then, for all practical pur-
poses, an area whose diameter is three times the
spot size will pass all beam power. Thus

P=rn(w /221 (49)
S t

where P is the power output, I, is the transmitted
intensity and ws is the spot size

w, - (or/m 172 (50)

where b is the equivalent confocal radius. Of

course, if the beam is not Gaussian, a different
area will have to be employed.

Results and Discussion

Calculations were carried out for various mix-
tures, pressures and fluxes for a single cavity of
length 60 cm and mirror reflectivities of 1.0 and
0.99. The radii of curvature were assumed equal to
two meters. It is also assumed that for the +
Het + C0, reaction 90% of the ions are COZ’ 5% 0
and 5% COY. Unless indicated otherwise, the pres—
sure is one atmosphere and the neutron flux is
3 x 1016 n/cm® sec.

One of the most important assumptions made in
the kinetic model is that the neutral stabilized
recombination of C0+, reaction (21), yields the
lower laser level C&Z(IGO). It turned out that, for
all the CO, concentrations considered, 2 1/2%, €Oy
was the dominant ion. Thus, this assumption yields
conservative estimates of the gain coefficient and
power output.

Figures 2 and 3 show the effects of COy concen-
tration on gain and power output. It is seen that
in both cases there is an optimum concentration
where the gain or power output is optimum. This can
be traced to the fact that the upper laser level in-
creases with CO, concentration and with Nz(v = 1).
Because the total fraction of CO, and N, is fixed
for this calculation, an optimum mix must exist.

The effect of N2 on gain and power output is indi-
cated in Figs. 4 and 5 for a fixed COyp fraction. 1In
spite of the fact that the power deposition is de~
creased with increasing Ny fraction, Nz(v = 1)
increases and this would suggest more pumping for
the upper laser level. However, because of the
pressure employed, reaction (27) is, in effect, in
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equilibrium. Thus, the decrease in both the gain
coefficient and power output is a result of reaction
(25) which indicates increased depletion of 002(061)
with increased NZ'

Figures 6 and 7 show the effects of pressure on
the gain coefficient and power output. For pressures
of about 1.8 atmosphere and higher, the power output
is zero because the gain coefficient is less than
the threshold gain for the cavity and operating con-
ditions considered. As is seen in Figs. 8 and 9
both the gain coefficient and power output increase
with neutron flux. The power deposition is propor-
tional to the pressure and neutron flux; thus, both
parameters have similar effects on power deposition.
However, their individual effects on the gain coef-
ficient and the power output are quite different.
Increasing the power deposition will result in
increased ionization and excitation and this will
result in increasing the upper laser level. Thus,
if this is achieved by increasing the neutron flux,
then this will result in increased gain coefficient
and power output. On the other hand, if this is
achieved by increasing the pressure, then increased
frequency of collisions will depopulate the upper
level. Also, neutral stabilized recombination of
COp, which increases with pressure, will result in
increased population of the lower laser level. Thus,
for a given mixture, there is an optimum pressure at
which the gain is optimum and a different pressure
at which the power output is optimum. Evidently,
the peak gain for the case indicated in Fig. 6 takes
place at a pressure lower than half of an atmosphere.

Concluding Remarks

The results presented here indicate that mix-
tures for optimum gain and power output are quite
different from those employed in electric discharge
lasers. This is expected because the excitation
mechanisms in both cases are quite different. The
gain coefficients and laser power outputs are in
general lower than corresponding quantities for
electric discharge lasers. One of the attractive
features of direct nuclear pumping is that one can
excite large (of the order of a neutron mean free
path) high pressure volumes. When cavities of such
dimensions are employed increased power output will
result.
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NUCLEAR PUMPED LASER RESEARCH AT THE .
JET PROPULSION LABORATORY

by

Gary R. Russell
Jet Propulsion Laboratory
Pasadena, CA 91103

A. Nuclear-Electric lodine Laser
Data have been obtained using a partially nuclear excited xenon flashlamp to

pump an iodine laser. The laser consists of an inner quartz tube 2.7 cm in diameter

and 30 cm in Tength filled with CF3I circumscribed by a coaxial xenon flashtube

4.9 cm in diameter, also 30 cm in length. Strips of uranium (23 U), spot welded to
stainless steel foil, are placed around the inner circumference of the outer

quartz tube with a separation, in the axial direction, between strips of 1.3 cm

to allow an axial electrical discharge in the outer annular region of the flashtube.

The Taser assembly is surrounded by a polyethylene moderator. Laser energy at

1.315 p is coupled out of the central laser tube through a 1% transmitting MLD mirror

through a notch filter (1.3 £ .05 p) and detected by a germanium detector. The:mal

neutron pulses of about 200 ps (FWHM) duration are obtained from the LASL Godiva IV

fast burst reactor.
The Taser was operated at a CF3l lasant pressure and xenon flashtube pressure

of 50 and 725 torr respectively. The Godiva (AT) was varied between 175 and 284°C.

The flashlamp electrical power supply capacitance and voltage were held constant

at 15 uF and 3.5 kV respectively. Both CF3I and xenon were supplied to the laser

test section by a remote controlled gas handling system that was positioned adjacent

to the Godiva reactor and laser during test operations. The electrical discharge



was triggered by the increase in electrical conductivity in the xenon flashtube,
and generally occurred about 100 us after the peak of the thermal neutron pulse.
Analysis of the laser pﬁ]se shapes, with and without nuclear flashlamp augmentation,
indicated that the deposition of nuclear energy is equally as effective as electrical
energy deposition in producing laser pulse energy output.

Future work will consist of tests of direct nuclear and electrical pumping
of Tasants containing a mixture of CF3I, Xe, and 3He. No external flashlamp will
be used. Nuclear pumping will be attained with the use of 3He instead of

uranium foils because of possible contamination of the foils by the CF3I.

B. E-beam Pumping of High Pressure CF3I

An experiment has been initiated to measure amplification at 1.315 u of
E-beam pumped CF31 at pressures of several atmospheres. The experimental set-up
consists of a Febetron 706 E-beam machine operating at 500 keV having a pulse
width of 3 ns, an E-beam Taser test section, and a coaxial photodissociation
iodine laser which is used for amplification measurements.

The iodine Taser is 30 cm in length and 1 cm in diameter with an output
mirror transmission of 5%. The coaxial flashlamp is operated with argon at a
pressure of 200 torr, and power supply capacitance and voltage of 60 uF and
3 kV respectively. The iodine Taser pulse width varies from 50 to 100 wus.

The E-beam is triggered to fire at the beginning of the iodine laser pulse.
The laser signal is transmitted through a beam splitter where a part of the signal
is transmitted through the E-beam Jaser test section. The remaining Taser signal
and the amplified signal are recorded simultaneously on an oscilloscope.

Preliminary data taken at a CF3I pressure of one atmosphere show that, for
a part of the iodine laser pulse, amplification of almost a factor of two is

measured. Since the gain length in the E-beam laser test section is about 1-2 cm
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and the coaxial laser gain length is 30 cm, the measurements indicate that the
gain in the E-beam pumped CF3I is an order of magnitude greater than in the
coaxial laser tube.

Future research will consist of tests conducted at CF3I pressures ranging
from pressures of 0.1 to several atimospheres. In addition, data will be
obtained varying the CF3l partial pressure in a background buffer gas consisting
of helium-xenon mixtures to simulate future nuclear pumped laser tests where

3He will be used as a source of nuclear energy.
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DETERMINATION OF THE EFFICIENCY OF PRODUCTION OF EXCITED
ELECTRONIC STATES USING y-RAY AND FISSION FRAGMENT PUMPING

by

W. M. Hughes, J. F. Davis, W. B. Maier,
R. F. Holland and W. L. Talbert, Jr.

We are conducting experiments to determine two of the key
issues of a high energy nuclear pumped laser which utilizes

235U to excite the medium.

fission of volumetrically dispersed
The two key issues are: (1) the efficiency of conversion of
fission fragment kinetic energy to visible light output, and (2)
the optical quality of the excited media.

Initial considerations of laser systems that might meet these
requirements indicated that "typical" gaseous excimer laser
systems have serious limitations. For example, a self-critical

*
¥eF laser using veolumetrically dispersed UF_ is virtually

impossible because of optical absorption and6short radiative
lifetime (even when no collisional relaxation is invoked).

The recent demonstration of the solubility of UF6 in
liquified rare gases and the determination of many of the
properties of the rare gas halide trimers and rare gas group VI
dimers allow for the possibility of attaining a true high energy
high efficiency nuclear pumped laser system. Liquid rare gas
media offer a number of advantages including high heat capacity,
reduced collisional relaxation of electronic excited states
(because of inhibited motion), increased vibrational and
rotational relaxation, collisional enhancement of some metastable
electronic states and enhancement of preferred kinetic pathways
(compared to gas phase). Kinetic considerations indicate that
net efficiencies on the order of 10% are possible for production

of visible light output.
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Experiments have been conducted in gaseous and liquified
xenon using both y-ray and fissiqn fragment pumping. Light
output from the xenon excimer has been monitored in the VUV at
~n173 nm by an absolutely calibrated photon detection system. The
xenon emission is being monitored in order to determine the
efficiency of production of the rare gas excited states (all of
the rare gases are predicted to act similarly) since these states
are the direct precursors to the visible emitting systems
proposed. The energy input was determined using y-ray and
fission fragment calorimeters. The efficiency thus determined is
on an energy output divided by an energy input basis and utilizes
no kinetic model to interpret the data. The preliminary
efficiency results thus determined were found to be 50% for
y-ray pumping in gaseous and liquified xenon and >20% for fission
fragment pumping of gaseous xenon. Fission fragment pumping of
liquified xenon is being investigated at present. Spectral data
taken for both gaseous and liquified xenon indicate that the
spectral emission is only from Xe;.

Calculations indicate that the proposed systems can reach
laser threshold using either the GODIVA IV or SKUA burst
facilities. 1If the theoretical treatment proves to be correct
one can anticipate kilojoule operation using the SKUA burst
facility which will be operational late this calendar year.
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EXPERIMENTAL NUCLEAR PUMPED LASER SIMULATIONS*

W. E. Wells
Department of Physics
Miami Unijversity .
Oxford, Ohio 45056

Electron-Ion Recombination,

NPL Plasma Simulations,
Excited State-UF_ reactions (flowing afterglow),

and New Lasers and Laser Processes.

Electron-Ion Recombination

Almost all, if not all, of the NPL's discovered to date depend on
recombination as a principal means of population. Electron-Ion recombination

for molecules is generally of the form

*
M, +e>M +M

This type of reaction has been well studied.
For atomic ions and some molecules e.g. He, the recombination scheme is

more complicated, and is due to a large number of processes acting simultaneously.

This is generally termed Collisional-Radiative Recombination. We have calculated

the effects® of neutral collisions on this process when the neutral is of the

same species as the Ion, fiqure 1, and when the neutral is different from the

Ion, for the rare gases, figure 2. It can be noted that the recombination of Ar*

for example is a factor of 10 higher in Helium than in Argon.

NPL Plasma Simulations

A long pulse electron beam-generated plasma can be utilized to simulate
an NPL plasma. At Miami we are just starting to utilize an electron beam with

the following characteristics

>250 keV g]ectrons,

@ 10 A/cm™,

a repetition rate of 2/sec.,
and a pulse length of 1 usec.

*This research supported by NASA and BMDATC.
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The plasma is evaluated with the following diagnostics

Optical Spectra,
Dye Laser Probes,
and Ion mass spectra.

With this system, quasi-steady state plasma can be produced and has the
same energy densities as NPL's,

Excited State - UF6 Reactions

A flowing afterglow will be utilized by Michel Touzeau and R.A. Tilton
to measure the interactions of excited states with neutral UF. at the University
of Paris . A flowing afterglow is being constructed at Miami to incorporate a
mass spectrometer with a flowing afterglow system to provide molecule and ion

formation rates.
New Lasers and Laser Processes
Collisions induced by stimulated absorption of photons have recently
been discovered?. Theory indicates that the inverse process should also exist.

This process, the stimulated emission of photons creating collisions, could be
ideally suited for UF_ based NPL's. Experiments are planned to investigate this

possibility.

REFERENCES

]B.L. Whitten, L.W. Downes, W.E. Wells, "Collisional Radiative Recombination
in High Pressure Noble Gas Mixtures", 1st. Int. Sym. on NPL, Paris (1978).

2D.B. Lidow, R.W. Falcone, J.F. Young and S.E. Hairris, Phys. Rev. Lett.,
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E-Beam Simulation of Nuclear Induced Plasmas
*
J.T. Verdeyen and J. Gary Eden
Gaseous Electronics Laboratory
Department of Electrical Engineering

University of Illinois at Urbana-Champaign
Urbana, IL 61801

Summary:

The Gaseous Electronics Laboratory has just started
the research effort on this topic. Consequently, this brief
discussion presented here will concentrate on the future plans
rather than preliminary results. However, some definite results
of the work carried out by Dr. Eden and his co-workers at the Naval
Research Laboratory on Proton beam excitation will be discussed

in detail since this is germane to the topic of this meeting.

* .
Dr. J. Gary Eden is presently at the Naval Research Laboratory but
will be joining the Department of Electrical Engineering at Illinois

in August 1979.
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Discussion:
After an exceedingly painful and slow start, nuclear
pumping has now reached the stage where reasonable optical power
levels have been achieved. It is logical therefore that we stand
back and ask some rather fundamental questions about the pumping
schemes to ascertain whether there is an optimum coupling between the
source of energy - the reactor - and the lasing medium. |
Although any source of energy can and has been used to
excite a laser, usually one scheme has an overwhelming advantage in
terms of efficiency over the other competitive methods. For instance,
optical pumping of a gas laser was successful quite early, but lost in
the competition with the more convenient and efficient discharge pumping.
By the same token, nuclear pumping has had to take a back seat to the
more readily available E-beam excitation even though the physics of the
two schemes would appear to be similar.
For instance, surface and volumetric sources have been
used in conjunction with reactors to pump various gases. While the
details of the nuclear reactions differ, it is generally agreed
that the electrons resulting from passage of the fission fragments
through gas are the ultimate source of the excitation of the laser
levels, either by direct impact excitation of ground state atoms (from
below) or by recombination (thereby populating the states from the top).
From that viewpoint then, E-beam excitation is an excellent
simulation of a fissioning plasma environment without the attendant
difficulties of a reactor. This is the purpose of our research at

the Gaseous Electronics Laboratory.
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0f course, the ultimate goal of all working in

nuclear pumping is to achieve lasing in a UF, plasma. Because of

6
the multitude of energy states in this molecule, we can anticipate
that it will tend to deactivate many of the usual laser levels. This,
in turn, requires a higher pumping rate to achieve threshold - a
for nuclear
pumping. The reason is that the available power densities in a reactor
tend to be considerably lower than in an E-beam or in a discharge.

Thus our first goal is to study the kinetics 6f various excited states
in the presence of UF6. |

Although lasing in a predominantly UF, plasma is assumed

6
to be the most convenient and straightforward approach, it is possible
to conceive of utilizing the spontaneous radiation from this system

to excite another gas isolated from this primary energy source. For
instance, the efficiency of producing UV photons from the Xenon
excimer Xe2 is high and furthermore its spontaneous decay rate

is also fast. The latter fact precludes Xe, as being a candidate for

2

lasing in the fissioning plasma, but this does not preclude it from

being the photon source for another system such as the mercury halides.

From this standpoint, the Ar+UF6 seems to be a naturai for producing

193 nm (ArF)* photon for the HgX2 system. Fortunately, this will be a

natural fallout of the planned study discussed in the preceding paragraph.
One final issue should be noted in closing. Even though

the physics of excitation of the laser levels in a nuclear pumped

system might appear to be similar to E-beam exication, some evidence has
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appeared which suggests that there are measurable differences. For
instance, the group at NRL has succeeded in pumping lasers by protons and
apparently has achieved higher efficiencies than with E-Beams. In

other words, the laser energy out, divided by the proton energy deposited
in the gas, is greater with the heavy particle excitation than with the
electron. This is, of course, most encouraging for nuclear pumping.

The details of this experiment will be discussed by Dr. Eden.
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Etficient XeF laser excited by a proton beam®

J.G. Eden, J. Golden, R.A. Mahaffey,® J.A. Pasour, ® and R.W. Waynant

Naval Research Laboratory, Washington, D.C. 20375

The efficient generation of stimulated emission from XeF at 351 and 353 nm has been achieved by
pumping RG/Xe/NF, gas mixtures (RG = argon, neon, or helium) with an intense (~ 10
Acm~?) beam of ~200-keV protons. For an active medium (T = 300°K) consisting of Ar, Xe,
and NF; at a total pressure of 1 atm and 30% cavity output coupling, the volumetric output,
efficiency, and threshold pump power for the laser were determined to be 5-10 J/literamagat,
1.74-0.7%, and 1.5 MW cm ~?, respectively. Much lower efficiencies were obtained for neon and

helium diluent mixtures.

In 1978, the first demonstration of a gas laser pumped
by an intense proton beam was reported. ! This new means of
laser excitation was made possible by the development dur-
ing the last four years of several sources capable of efficiently
generating intense p-beams (> 10 ' protons/cm? pulse). >

Weak proton beams (~ 107 protons/pulse) have been
employed for some time in studies of the kinetic behavior of
excited rare gases ¢ and various molecules of laser interest
(Cl,, OH, etc.). 7 Also, near-infrared laser transitions in Ar,
Kr, Xe and Cl have been pumped*” by the volumetric nucle-
ar reaction *He(n,p)’H, which liberates a 560 keV proton and
a 190 keV tritium ion. Both of these particles ionize the back-
ground gases and lasing results.

The extension of p-beam pumping to the rare-gas—ha-
lide (RGH) lasers is attractive due to the large efficiencies
(1-9%) that have been reported for these lasers '° using dis-
charge or e-beam excitation. In this paper, the characteris-
tics of a p-beam-pumped XeF laser are reported. !' For
Ar/Xe/NF, gas mixtures at 1 atm and cavity output cou-
pling of 30%, efficiencies of 1.7 + 0.7% and volumetric la-
ser outputs in the range 5-10 J/1-amagat have been obtained.

A reflex tetrode > powered by the NRL Seven Ohm Line
generator produced the p beams for these experiments. Typi-
cal beam parameters were proton energies of ~450 keV, a
current density of ~ 10 A cm ~?2, and a pulse duration of
~50ns FWHM. The generator and tetrode were the same as
described in Ref. 1 except that the tetrode was operated with
a first anode (4, )—cathode (K') gap of =1.7 cm.

The laser cell, however, was redesigned for these stud-
ies. Figure 1 is a cross-sectional diagram of the cell and the
foil support assembly. All of the cell parts except the poly-

“"Work supported by QNR and DOE.
MSachs-Freeman Associates, Bladensburg, Md.

vinyl chloride window mounts (not shown) were fabricated
from aluminum which was chosen for its mechanical
strength and electrical conductivity. Support for the p beam
window (3-um thick Mylar foil) was provided by resting the
foil against a plate with a honeycomb array of holes and a
geometrical transmission of 60%.

Demountable Brewster-angle windows made of Supra-
sil grade quartz were installed on the cell. Since the penetra-
tion depth of 200-keV protons (roughly the energy remain-
ing after emerging from the Mylar foil) in 1 atm of argon is
~ 5 mm, the laser axis was situated ~ 1-2 mm from the
proton window and was oriented perpendicular to the in-
coming beam. Research-grade rare gases and technical-
grade NF, were used in these experiments and before each
firing, the laser cell was filled with a fresh gas mixture.

The optical cavity consisted of two dielectric-coated
mirrors of 5-m radius of curvature separated by 70 cm. One
of the mirrors was a total reflector (R ~98%, T~0.3%) at
350 nm, while the output coupler transmitted either 0.3, 6,

FOIL SUPPORT PLATE
:I
PROTON — -
2— GAS MIXTURE
BEAM —
L
T
* =—FOIL

ASSEMBLY

LASER

CELL

FIG. 1. Cross-sectional view of the proton-beam laser cell and foil support
assembly. With this arrangement, laser cell pressures in excess of 1 atm
could be accommodated. The proton-beam aperture was 18.2 cm *.
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XeF SPONTANEOUS EMISSION
AND LASER SPECTRA
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FIG. 2. XeF spontaneous emission (top trace) and laser spectra obtained
from 750 Torr Ar/20 Torr Xe/4 Torr NF, gas mixtures. The spectrograph
resolution was 0.02 nm for laser emission and 0.16 nm for Auorescence. The
vertical scales for both spectra are logarithmic.

30, or 50% at the lasing waveiengths. The laser and axial
spontaneous emission were monitored either by a 1-m spec-
trograph and photographic film or by a Hamamatsu S-20
photodiode and neutral density filters. For laser energy mea-
surements, the photodiode and filters were calibrated
against an XeCl discharge laser (308 nm) using a Gen-Tec
calorimeter. The XeCl laser was used as the calibration
source due to the small standard deviation (11%) in the out-
put energy of the device from shot to shot.

The efficiency of the p-beam-pumped XeF laser for a
given pulse was determined by measuring both the laser out-
put energy (E,) and the number of protons entering the laser
cell. This procedure was necessary due to the variability in
the proton dose per pulse. The number of protons incident
on the gas was inferred using nuclear activation tech-
niques. "-'? First, with the laser cell evacuated, thick boron
nitride targets were placed around the p-beam aperture of
the laser cell as well as in the cell itself. With this arrange-
ment, the ratio R; of the number of protons entering the cell,
N;, to the number striking the target surrounding the aper-
ture, Ny, was determined by comparison of the residual ra-
dioactivity induced in the targets by the nuclear reaction

“N(p,y) '°0. Subsequently, for each shot, N, was mea-
sured so that N, could be inferred from R; N,,. The energy of a
proton emerging from the Mylar window was assumed to be
equal to the peak inductively corrected voitage applied to the
anode of the teirode minus the energy lost in the window.
The energy deposited in the Mylar was calculated using the
range-energy data of Northcliffe and Schilling. !* For these
experiments, the proton-beam energy entering the laser cell
(E,) was found to range from ~0.3 to 2.3 J, all of which was
assumed to be absorbed by the gas mixture.

The fraction of the beam delivered to the laser gas (as
determined by the method outlined above) was consistent
with an estimate that accounted for the divergence of the p-
beam. Bleachable blue cellophane and damage of the Mylar
proton window were used to estimate the beam’s divergence.
Typically, the beam cross section at the laser cell aperture
was roughly circular with a diameter of ~7.5 cm. Also, the
beam filled ~11 cm 2 (or ~60%) of the cell’s 18.2-cm 2
(9.6 X 1.9 cm) rectangular aperture.
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FIG. 3. Efficiency of the XeF laser as a function of output coupling of the
optical cavity for various rare-gas diluents. The curves are solutions of Ri-
grod’s equation fitted to the argon data. The dashed and solid curves are
normalized to 7 = 1.7% and T = 30%, and 5 = 2.4% and T = 30%, re-
spectively. The "= 30% argon point represents the statistical average of
five trials and the 7= 6% point, two trials.

Figure 2 shows microdensitometer tracings of the XeF
laser and spontaneous emission spectra obtained with p-
beam excitation of 97% Ar, 2.5% Xe, and 0.5% NF, gas
mixtures at a total pressure of ~ 1 atm. The spectra are typi-
cal of those obtained from e-beam experiments, and lasing
occurs on the v’ = 1—v” = 4, v’ = 0—v"” = 2 (351 nm), and
v’ = 0—p" = 3 (353 nm) vibrational transitions '* of the
B—Xband of XeF. Although not shown, laser pulise lengths
were observed to vary from 10 to 20 ns FWHM.

Several experiments were conducted io study the de-
pendence of the XeF laser output power and efficiency 7
(=E/E,) on: (1) the output coupling T of the laser cavity
and (2) the rare-gas diluent used for the laser mixture. Figure
3 presents the results of these experiments for various output
couplings (0.3<7<50%) and for He, Ne, and Ar as the mix-
ture diluent. The highest laser efficiencies were obtained for
T = 30% and Ar diluent. Averaged over five shots, 7 was
found to be 1.7 + 0.7% where the error is one standard devi-
ation in the data. The best efficiency observed was
2.7+ 5:1%. The errors shown are due to noise on the photodi-
ode waveform and uncertainty in E,.

To determine the small signal gain g, and loss a coeffi-
cients for the XeF laser, the efficiency-vs-coupling data were
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FIG. 4. Dependence of the XeF laser output energy on the input ( p-beam)
energy density. The solid line represents the linear least-squares fit of the
argon data points, and its zero-energy density intercept is 74 mJ/cm . The
laser threshold for neon diluent is roughly three to four times greater than
that for argon.
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fit to an equation given by Champagne and co-workers !°
which is based on Rigrod’s analysis ' of high-gain lasers.
The dashed curve in Fig. 3 represents the best fit of Eq. (1),
Ref. 15, to the Ar data with the constraint that the line pass
through the T = 30%, 7 = 1.7% point. For this solution,
& = 4.5% cm ~'and @ = 1.0% cm ~'. However, the
greatest uncertainty in the Ar datais at 7= 50%. Although
weak lasing was obtained for this output coupling, large vari-
ations in the proton energy/pulse made the assignment of
error limits difficult. For this reason, a second fit of Rigrod’s
equation to the Ar data is shown in Fig 3 (solid curve).
ngam, the curve was normalized at T = 30% but this time
at the upper limit of the error bar at 7 = 2.4%. This solution
yields g, = 5.2% cm ~ 'and a@ = 1.0% cm ~ ' and agrees
well with the T'= 6% data. A third curve, normalized to the
lower bound of the T = 30% point at 7 = 1.0%, was not
included since it would deviate greatly from the 7" = 6 and
50% data. From the curves of Fig. 3, the maximum efficien-
cy obtainable for the p-beam-excited XeF laser for these gas
mixtures appears to lie between 2.0 and 2.7% for 20T
<25%. No attempt has yet been made to optimize the gas
mixture other than to study different diluents.

Clearly, the p-beam-pumped XeF laser is considerably
less efficient for He and Ne diluents than it is for Ar at | atm
despite comparable energy inputs to the three gases. This
comparison between the performance of Ar and Ne diluents
is similar to that reported"’ for the e-beam-pumped XeF laser
at atmospheric pressure. The poor efficiency of Ne diluent
mixtures at low pressures ( < 1.5 atm) is possibly due to Pen-
ning ionization of Xe by Ne; excimers, where the formation
rate of Ne; varies as p3..

The p-beam laser efficiencies reported above compare
quite favorably with those obtained using much longer (0.5-
2.0 us) e-beam pulses. Although Hsia et al. '® have obtained
efficiencies up to 5.5% by heating the gas to ~450°K, the
best room-temperature results are currently 7~2-2.5%. '
For e-beam excitation pulses < 100 ns, the best previously
reported value was 0.5% obtained by Ault and co-work-
ers. 2° Since the RGH lasers perform more efficiently for
pump pulses > 100 ns, the use of microsecond proton
beams * may improve the efficiencies reported here. Also,
the volumetric laser outputs obtained in these experiments
were typically 5-10 J/1-amagat which equal or exceed those
obtained using e-beam pumping. '*'7~!° The largest value
observed was 9.9 4+ 1.5 J/1-amagat which corresponds to
43 + 7 mJ output (T = 30%, argon) from 4.6 cm * of excited
gas at a density of 0.93 amagat.

Figure 4 shows the variation of the laser output energy
with the input energy density. The solid line represents the
linear least-squares fit of the Ar data. Input energy density,
rather than input energy, was plotted on the abscissa because
fluctuations in the tetrode voltage change the proton energy
and range which vary the excited-gas volume. Therefore, it is
necessary to normalize the input energy to the excited vol-
ume. The zero-input energy density intercept of the line
gives a threshold energy density for the p-beam-pumped
XeF laser of 74 mJ cm ~ 3, or for a 50-ns FWHM pump
beam, 1.5MW cm ~ 3. A gain, this threshold value is compa-

rable to those observed for pure e-beam pumping but is con-
siderably larger than the power thresholds obtained for e-
beam sustained discharge operation (<300kWcm ~ »H

in summary, ihe first demonstration of a rare-gas—ha-
lide laser pumped by a proton beam has been reported. Laser
efficiencies up to 2.7%, volumetric laser outputs up to 9.9
J/1-amagat, and a threshold power density of 1.5
MW cm ~ * have been observed for T = 30% and using Ar
diluent at a total gas mixture pressure of ~ 1 atm. These
values compare favorably with state-of-the-art e-beam ex-
periments, and optimization of the gas -mixture composition
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laser in He diluent has been reported which, to date, has not
been achieved with electron-beam pumping. Proton-beam
excitation of the RGH lasers offers the possibility of operat-
ing these devices at gas pressures & 1 atm, where acoustics
and excited-specie absorption problems are minimized.

It appears that the most attractive laser candidates for
future proton-beam pumping studies are those atomic or
molecular lasers, such as Cl, at 258 nm, 22 which require the
lighter rare gases as diluents but the upper laser level forma-
tion kinetics do not demand high pressures.

The authors are grateful to D. Epp for excellent techni-
cal assistance throughout the course of these experiments.
The authors also thank Drs. C.A. Kapetanakos and A.W.
Ali for many valuable discussions and suggestions, and L.F.
Champagne for reviewing the manuscript.
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Nuclear Pumped Lasers - Advantages of O2 (1)
J. J. Taylor

Air Force Weapons Laboratory
Kirtland Air Force Base -

POTENTIAL

The HEL community sees the primary weapon advantages potentially available

from NPL as high average power coupled with long shot time (less than 100 sec).

SYSTEM ISSUES

The Air Force Weapons Laboratory (AFWL) sees the NPL as a very young

technology with major issues to be addressed before being seriously considered

as an HEL weapon contender. Problems of shielding, heat dissipation, high
efficiency FF pumping, good beam quality, and thermal blooming all need
engineering level solutions prior to gaining support from the HEL weapons
community.

For AF airborne applications, development of lightweight shielding
and cooling is necessary. For ground base applications, integration of the
nuclear pumping source and the laser cavity is a major unknown.

To take full advantage of high power and long shot times for airborne
operation, the heat dissipation problem must be solved while keeping system
weight as low as possible. For ground based systems, the high weight
problem becomes unimportant, but the integration of a reactor cooling
system and a laser cavity is still a far term prospect. Efficient pump
rates must be achieved since only small percentage losses in a very high

power pumping source will cause tremendous waste heat buildups.
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Good beam quality is an absolute necessity to maintain a compact beam.
Poor beam quality quickly offsets gains made by a very high power pumping
source.

Thermal blooming is an extremely critical issue for high power laser
systems. If higher power causes thermal blooming to continually worsen,
then this phenomenon will put a cap on the utility of very high power lasers

within the atmosphere.

02(1A)

O2 is strongly recommended as a laser gas for NP for a ground based
system. Some of its characteristics are én excited lifetime of 45 min,
continuous wave (CW) operation, and efficient energy transfer to iodine (I).

The long lifetime of the O2 excited state avoids the cooling/laser
cavity integration problem. The O2 can be excited in the reactor core, then

pumped away from the reactor to be mixed with I and lased.

ADVANTAGES

CW operation is required to get high power through the atmosphere
without air breakdown.

The long lifetime of the excited 02 state allows for separation of the
laser and the pumping reactor. This feature bypasses the worries of FF's
disturbing the laser cavity medium and the concern of FF damage to resonator
mirrors.

Separation of the laser and the nuclear reactor eliminates the need to
design cooling systems and laser resonators around each other. Conventional

reactor design with the addition of O2 flow tubes should suffice.
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The weapons laboratory is currently working with the 02—1 1aéer. That
limits the feasibility and critical design issues to only several nuclear
pumping questions since AFWL will work the I laser details such as mirror
B coatings, resonator design, cavity shapes, closed or open cycle laser,

i, window materials, etc.

O2 ISSUES

: The three most critical NP issues for O2 appear to be the following:

(1) Can we achieve greater than 15 percent excitation of 02?
Fifteen percent minimum excitation is required to transfer
energy to I.

(2) Do fission fragments pump 0, into the singlet delta state
efficiently? Note that extremely high efficiencies are not
required since current reactor cooling does not depend on 02
molecules to absorb fission fragment energy.

(3) What is the maximum pressure that the O, system can operate at
during the transfer from the reactor to the laser? Too high a
pressure will cause O2 deactivation from wall collisions;

too low a pressure will make high energy transfer difficult.

PROPOSALS
(1) Propose that NPL physicists calculate the theoretical FF pumping

efficiency of 02.

(2) If the theoretical efficiency looks reasonable, then perform experimental

verification.

(3) Experimentally determine the collisional deactivation time of O2 versus

pressure.
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(4) Propose that AFWL/NPL community. jointly work on a systems feasibility

study to determine the amount of excited 02 that can be generated and

delivered to an I laser.
(5) Propose that AFWL study thermal blooming of very high power laser

beams to determine their transmission characteristics through the

atmosphere.
. CONCLUSIONS

. . . . \ s .
To achieve lasing in a reactor core requires a scientific breakthrough

®The use of a 0, transfer medium should lead to a near—term ground-based

2

high energy laser

o . . s ‘e
Development of airborne nuclear powered lasers requires a scientific

breakthrough
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SIMULATION STUDIES FOR A NUCLEAR
PHOTON PUMPED EXCIMER LASER

THOMAS G. MILLER
U.S. Army Missile Command
Redstone Arsenal, AL 35809

and

JOHN E. HAGEFSTRATION
Ballistic Missile Defense
Advanced Technology Center

Huntsville, AL 35807

Simulation studies are underway to determine the feasibility of a nuclear
photon pumped excimer laser. Recent experiments at Auburn University underline
the difficulty of using UF_. mixed with various gases to produce a nuclear pumped
laser. These experiments ?ndicate at Teast three basic problems that will hinder
the development of nuclear pumped lasers that use homogeneous mixtures of UF6 and
various gases:

(1) the large optical absorption of UF6
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(3) the difficulty involved in handling UF6 and the subsequent clean-up

problems
Because of the above, coupled to the fact that charged particle energy can be
efficiently converted to radiant energy at 1720 Angstrons by allowing the charged
particles to impinge on high pressure xenon, has led us to consider nuclear photon
pumped lasers.

Fig 1 shows a sketch of how such a laser might be constructed. A neutron
source is placed in the center of a cylinder made of a material that has a large
neutron inelastic scattering cross section such as iron. The purpose of the iron
is to serve as a containment device and to convert neutron kinetic energy to gamma
and x-ray energy. Surrounding the iron cylinder is a cylinder of moderator such
as graphite. The purpose of the moderator is to further slow down the neutrons
that have been inelastically scattered by the iron. The moderating cylinder is
surrounded by another cylinder filled with a mixture of high pressure xenon,

In this large cylinder several tubes are placed which contain the lasing gas,
say XefF,. Photons are produced in the high pressure xenon by both the gamma and
X=rays %gat enter the cylinder. If a gas that has a large fission cross section
such as JHe is mixed with the xenon gas, additional energy will be developed to
produce gdditiona] photons, which should make the process more efficient.
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Such a system has recently been develoged using high energy electrons to
produce photons from high pressure xenon.-?® In both cases the lasing gas was
XeF,.

2

We are in the process of performing simulation studies using such a system

where high pressure Xe is bombarded with electrons and protons to form, 1720 Angstrons.
These photons are in turn used to photodissociate XeF, to produce XeF . Fig 2 shows
a view of the experimental set-up. Electrons or protans from a 2 MeV Febetron are
used to produce 1720 Angstron radiation from Xe, states, as previously described.
These photons are used to photodissociate XeF2 chording to the following:

XeF, + hy(1720 A°%) » xeF* 4 p

The photons enter into the quartz tube containing the XeF,. A cavity is formed
via the two cavity mirrors. Primary measurements are ovegall conversion efficiency
measurements and gain vs time measurements.
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Concept for UF -Fueled Self-Critical DNPL Reactor System

R. J. Rodgers
Fluid Dynamics Laboratory
United Technologies Research Center
E. Htfd., CT. 06108

ABSTRACT

An analytical study of a self-critical nuclear pumped laser system concept was
performed. The primary emphasis was on a reactor concept which would use gaseous
uranium hexafluoride (UFg) as the fissioning material. A reference configuration was
selected which has a 3.2 m3 lasing volume as the reactor core. The core is composed of
a series of hexagonal graphite tubes which are surrounded by a reflector-moderator
composed either of heavy water or beryllium. Results of neutronics calculation predict
a critical mass of 4.9 kg of U in the form of 235UF6. The configuration would operate
in a continuous steady-state mode. The average gas temperature in the core is 600 K and
the UF6 partial pressure within the lasing volume is 0.34 atm.

Laser transitions requiring average fission power densities less than approximately
1 kW/cm3 for excitation are most attractive. Operation at wavelengths greater than
approximately 400 nm may be required because of limitations imposed by the opacity of
gaseous UF6. Further research directed toward identification of UF6 compatible lasing
transitions is required for further evaluation.

INTRODUCTION

Self-critical nuclear pumped lasers are one of several possible nuclear pumped laser
types currently being studied. This type of laser if proven feasible offers the possibility
of very high power operation in a continuous steady-state mode. Possible applications for
such lasers include space power generation, space power transmission, and space propulsion.
Recent investigations of lasers using gaseous UFg as the fissionable material are
described in Refs. 1 and 2. Gaseous systems provide a means for deposition of fission
energy directly in the lasing medium. Volumetric excitation of the lasing medium thus
should be more efficient in gaseous systems than in systems employing coatings or foils.

In self-critical gaseous systems it is necessary to select a reactor geometry which
meets both the nuclear criticality requirements and the laser optical configuration
requirements of the system. A description of a self-critical UF6 fueled reactor system
has been described in Ref. 3 and is briefly outlined herein. 1In general, cavity reactor
configurations are designed having approximately spherical geometry or cylindrical
geometry with length-to-diameter ratio of approximately one. This generally results
in good neutron economy and leads to systems having low critical mass., High power
lasers have been designed in many configurations, some of which are highly two-dimensional
and thus unattractive for self-critical nuclear pumping.
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SELF-CRITICAL DNPL REACTOR DESIGN CHARACTERISTICS

A self-critical direct nuclear pumped laser (DNPL) reactor concept requires that
the reactor configuration be designed such that parasitic neutron capture of reactor
component materials is small, This will permit a low critical mass of nuclear fuel,
which enhances the potential performance of the system. For this study, emphasis was
placed on use of enriched gaseous UFg (93,5% U-235) fuel which is mixed with a gaseous
lasing medium in the reactor. The fissioning of the nuclear fuel provides a mechanism
to continuously deposit energy in a large lasing volume through fission fragment
interaction.

The self-critical U‘F6 gaseous core laser reactor has a fuel mixture which is
typically composed of three distinct components with unique functions to perform. First,
UFg must be present in sufficient quantity to produce a sustained fission reaction and
thereby to proyide the energy source to pump a large volume of the lasing gas mixture.
Second, a host gas such as He, Ne, or Ar is present as the dominant energy storage member.
The host gas possesses high excitation and ionization energy levels which are populated
in the host gas by interaction with high energy fission products. Third, a lasing gas is
needed, such as Xe, which is present in small quantities. Energy is transferred by
collisions between the excited and ilonized host species and lasing gas with the creation
of excited and/or ionized states of the lasing gas, Lasing then occurs as the lasing
gas radiatively relaxes between energy levels corresponding to its characteristic
wavelengths.

An important parameter relative to the lasing system is the neutron flux level
required to induce efficient laser action. The flux level required determines the overall
reactor power leyel of a self-critical system. The characteristics of several DNPL
laser experiments (Refs. 4 through 11) are listed in TABLE I, The full advantage of high
power nuclear pumped laser systems occurs when fission energy is volumetrically created
within the lasing medium and the neutron source is not external to the laser cell, This
is a characteristic of a self-critical DNPL reactor system and it increases the ''useful
thickness" and, hence, volume of the pumped lasing region. The data in TABLE I indicate
that the lasing threshold neutron flux level is in the range of 1015 to 1017 n/cmz—s with
the lowest threshold to date being 4 x 1014 n/em?-s for mixtures of He-CO and He-COp
(Ref. 7). Research is in progress to identify DNPL systems with lower threshold flux
levels. Such systems would be highly attractive for use in a self-critical UFg-fueled
reactor with the lasing medium intimately combined in the nuclear core because the total
power level could be reduced.

Neutronics Considerations

To determine a set of operating conditions for the self-critical DNPL reactor for
sizing purposes, parametric relationships were derived between several reactor variables.
Included were relationships between total reactor power, power demsity, neutron flux
level, U-235 mass, U~235 density, and U-235 pressure. Use of these relationships allowed
rapid assessment of the effect on reactor design characteristics of changes in parameter

values.
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Parametric results are shown in Fig, 1, for a reactor which has a U-235 critical
mass of 6.0 kg and gas temperature of 600 K. Figure 1 illustrates the inter-relationship
among the power density, neutron flux, and total power, with U-235 density and pressure.
The probable operating region of interest is indicated in Fig., 1 as having a neutron flux
level between 10 and 1016 n/ecm2-s. This flux range is within that where:laser action
has been produced in several recent experiments (see TABLE I and Refs. 4 through 11).

A possible extended operating region is indicated for a maximum uranium (U) species
partial pressure less than 10 atm, with a more probable operating region limited to U
partial pressure less than 1 atm and a minimum U pressure of 0.01 atm.

At the assumed critical mass of 6 kg and temperature of 600 K, the range in U fuel
partial pressure between 0,01 and 10 atm corresponds to fuel volumes and, hence, maximum
lasing volumes between approximately 120 and 0.12 m3, respectively. For the flux range
between 101%4 and 1016 n/cmz—s, the power density ranges between 0.001 and 1.0 kW/cm™.
Results for a different critical mass at the given power and power density can be determined
by scaling the pressure and density directly and by scaling the flux inversely with the
U-235 mass ratio, Mcrit/6'o kg. The 6 kg U-235 critical mass is considered typical of
that which could be obtained in a gas core reactor system. For this mass of U-235, the
range for reactor total power level is between approximately 20 MW and 2000 MW for steady-
state systems. The ability to operate efficiently at high pressure depends on the
specific lasing medium used in the reactor and upon the optical absorption coefficient of
UF6 at the specific laser wavelength.

Optical Considerations

In examining potential lasing gas candidates, it 1s necessary to assess the effect
of the UFg relative to quenching of laser action at a particular wavelength. The spectral
absorption cross section of UF6 (Ref, 12) is shown in Fig. 2 between 200 and 400 nm. Also
indicated are the wavelengths at which potential lasers (KrF, XeBr, Iy, XeF, and N2)
would operate.

Three laser candidate media which operate at wavelengths for which UFg absorption
is known to be relatively low are the I, (342 nm), Xe (351, 353 nm), and Ny (358 nm)
lasers., The KrF and XeBr lasers would appear to suffer from too large a UFg quenching
effect due to the UF, optical absorption loss in a self-critical UFg DNPL system.
Estimates for the maximum efficiency have been made for the Iy laser (13 percent, Ref. 13)
and Xe laser (7 percent, Ref, 14), With a knowledge of the gain characteristics for
selected transitions, the optical absorption cross section of UFg can be used to define
a varying U density criteria as a function of wavelength, Wayelengths at which the density
is above the nuclear criticality density may be considered candidates for potential
self-critical DNPL systems,
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REFERENCE REACTOR CONFIGURATION

A conceptual DNPL reference reactor which is shown in Fig, 3 was selected based on
the results of the parametric analyses. The core is a matrix of fuel cells. A length-to-
diameter (L/D) ratio of approximately one is used for the core. This geometry has a
small surface area to volume ratio which reduces neutron leakage from the core. Above
and below the fuel cell matrix are regions which contain the laser optics components such
as mirrors, beam splitters, etc. A tank of heavy water (0.9975 DZO) reflector-moderator
surrounds the matrix and optics regions. At the top of the D20 tank, there is a laser
power extraction channel with optical windows on the ends. The channel is filled with high
pressure deuterium gas to reduce neutron leakage from the core and to provide a transparent
light path through the D20 reflector-moderator.

The core of the reference design consists of a series of modular unit cells in
a hexagonal matrix. The central unit fuel cell operates as a master oscillator. The
output of the master oscillator is optically coupled to the other fuel cells which act
as single-stage amplifiers connected in parallel. The geometry of the unit cell module
is shown in Fig. 4., The module is a hexagonally shaped rod of graphite, with a hollowed-
out central cylindrical cavity. The fuel and lasing gas mixture flows through the cavity
section of the modules. The graphite provides internal neutron moderation and fission
density leveling within the core. The reference reactor configuration has a unit cell
length of 200 cm, cavity diameter of 20 cm, and a dimension of 30 cm between any two
parallel surfaces of the unit cell. The minimum wall thickness of the graphite cell is
4.5 cm. The gas mixture within the cells was assumed to be composed primarily of helium
and U'F6 in the mole ratio of 10:1. The mixture ratio was selected based on the
experimental results of Ref. 15, A gas operating pressure of 10 atm and temperature of
600 K were selected in order to size the radial dimension of the unit cell.

The manner in which the high energy fission products lose energy is such that the
median light fission product, possessing a higher initial kinetic energy, has a longer
range for slowing down than does the median heavy fission product. The median light
fission product range in helium was used along with the mixture range-energy relationship
to calculate the mixture fission product range as a function of pressure and temperature.
The results are shown in Fig. 5, For an operating pressure between 5 and 10 atm and
temperature of 600 K, a fission product range of approximately 10 mm (1 cm) results.

For a fuel cell in which approximately 95 percent of the kinetic energy of the fission
product is to be deposited in the gaseous core volume, a cell radius of approximately
10 cm is required.

Neutronics Calculations

A series of neutronics calculations were performed to establish the critical mass
and critical fuel density for the reference design (Fig. 3). The calculations were
performed for twenty neutron energy groups using the one-dimensional neutron transport
theory computer program ANISN (Ref.l16). The results of these calculations are shown in
Fig. 6. Each of the cores was made up of unit cells having a cross section as shown
in Fig, 4. 1U-235 clean critical masses of 6.6, 2.5, 4.4, and 16.1 kg were calculated
for core gas volumes of 0,032, 0,32, 3.2, and 32.0 m3, respectively. These core volumes
correspond to configurations which have 3, 10, 51, and 204 individual cells, having cell
lengths of 34, 100, 200, and 500 cm, respectively. The range in critical mass density
varied from 0.2 to 5 x 1074 g/cm3.
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he ign (fifty-one cells), a critical mass calculat as m
in which Xe gas was 1nc1uded in the fuel region in an amount equal to 0.5 percent of the
He concentration. Also included was the equilibrium xel35 fission product poisoning
produced at a neutron flux level of approximately 1015 n/cmz-s, assuming no Xe 5 fission
product removal. The equilibrium amount of Xe 35 is equal to 29.4 mg, The critical mass
was then calculated to be 4,88 kg of U-235, or an approximate 11 percent increase over

the clean critical mass obtained with no Xe present. The reference configuration with

Xe contained 0.34 atm UFg partial pressure based on the assumed fuel temperature of 600 K.
The He core partial pressure was assumed to be approximately 10 times greater than the UFg
pressure, resulting in a total fuel region pressure of 3,8 atm.

A relatively uniform fission energy distribution was obtained across the entire

radius of the confiocuration for the reference core volume of 3.2 m3. A uniform nower

us ol nriguration Ior the relerence core voiume Se2Z I 23 4L 0T pPOWET

density should aid in achieving a large lasing volume within each fuel cavity. The
calculated fission energy distribution across the entire cell matrix 1s shown in Fig, 7.
The two largest core volumes have a fission distribution which peaks at the center of

the matrix, indicating that these fuel regions are relatively transparent to neutrons.
The two smallest core volumes exhibit the effect of fuel self-shielding as expected since
an individual cell of these configurations showed self-shielding. The 3.2 m> volume was
selected as the reference configuration primarily because it appeared to have the most
uniform fission distribution of the four configurations investigated.

Two additional calculations were performed in which the heavy water reflector-
moderator was replaced with a beryllium moderator, Solid moderator materials would be a

better choice than heavy water for DNPL reactors APQ'IO\'\PH for space applications.

..............................

Beryllium thicknesses equal to approximately one and two thermal neutron diffusion

lengths (20 and 40 cm) were usedin the calculations, The internal graphite wall thickness
was held fixed at 4,5 cm as in the reference design, The calculated U-235 critical masses
are 7,6 and 6.3 kg for beryllium thicknesses of 20 and 40 cm, respectively.

Optical Configuration

As previously described, in the reference design cell matrix (Fig, 3) the central
cell operates as a self-excited master oscillator and is optically coupled to other
amplifier cells. The central cell is configured in an unstable resonator geometry
which results in the formation of a large donut-shaped beam such that lasing occurs im
most of the fuel cavity volume, This increases the utilization efficiency of the
fissioning gain medium, and allows high peak powers to be achleved together with good
quality beams. :

The output beam of the central cell oscillator is split by a series of mirrors
located in the lower optics region. The split beams are amplified in parallel within
the remaining fuel cavities and then upon leaving the amplifier cells are recombined into
a nominal single beam within the upper optics region. The recombined output laser beam
exits from the reactor region through the power extraction channel which is located in
the top reflector-moderator region (see Fig. 3).
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There are advantages of using a laser oscillator-amplifier configuration over that
of a more intense all oscillator configuration. The control and design of a low-power
oscillator should be simpler than that of an oscillator with high power potential. A
low-power oscillator can be designed with confinement of excitation to its fundamental
mode, and low beam steering sensitivity of the output to misaligmment of the resonator
mirrors (Ref. 17).

The possibility exists that the UF6 is not a broadband absorber such that there may be
narrow optical windows in the spectrum of UF; at any wavelength. Also, candidate lasing
systems (as yet unidentified) which operate at wavelengths greater than 400 nm would
also be attractive if the UFg spectral absorption cross section continues to decrease.
Unfortunately, quantitative results are not available in this part of the UFg spectrum.

A determination of UFg absorption in this region of the spectrum should be part of the
effort to identify potential nuclear pumped laser systems to be developed in conjunction
with a self-critical UFg-fueled reactor.

Power Cycles

For a self-critical reactor system, which is operating cw or quasi-cw, a laser
efficiency of greater than approximately 5 percent is desirable. A part of the thermal
energy deposited in the lasing gases and reactor structure could be used to produce
electricity and the remainder rejected via a space radlator. The fuel (UFg/He) circuit
for the reference design operates at a pressure of 3.8 atm and between temperatures of
351 K and 656 K. Schematic diagrams which show the important features of Rankine and
Brayton cycles are presented in Fig. 8., The Rankine cycle would use an organic working
fluid which offers the potential for good efficiency over the range of cycle temperatures
of interest. Cycle efficiencies in the range of 25 to 35 percent (Ref. 18) appear
possible at temperatures which correspond to those of the reference laser reactor
configuration. For the cycle configuration shown in Fig. 8a an overall efficiency
of 30 percent was determined. If an organic fluid such as Monsanto CP-27 were used, the
maximum pressure in the cycle would be about 27 atm. In the Rankine cycle thermal
energy is rejected via a condenser/radiator which operates at the lowest temperature
present in the cycle. For the cycle conditions in Fig. 8a, the radiator/condenser must
reject heat at 317 K, A large radiator would be needed to dissipate the 63 MW produced
at the reference configuration design point,

Details of the Brayton thermal energy conversion cycle for the reference reactor
configuration are shown in Fig. 8b. The working fluid used in the cycle is helium.
The estimated efficiency of the simple Brayton cycle in Fig. 8b is only 9 percent. However,
approximately 8 MW of electrical power would be produced via the cycle to meet the
requirements of pumps and associated equipment of the laser reactor system. In the
Brayton cycle, heatr is rejected at higher average temperature than in the Rankine cycle.
The ability to reject heat at a higher temperature in the Brayton cycle configuration
should allow the size of the radiator required to be reduced relative to the Rankine
cycle configuration radiator.
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CONCLUDING REMARKS

The self-critical DNPL reactor may be an attractive candidate for a very high power
laser system, Principal features of the reactor are the ability to pump a large gaseous
lasing volume, self-contained excitation, and the potential for multi-megawatt continuous
power output., However, there are important technical questions concerning the
feasibility of the DNPL concept which are unresolved, and which require further research.
An effort should be continued to identify potential lasing systems which can function in
a UFg environment. Based on the known UFg optical absorption coefficient values in the
200 to 400 nm wavelength range, lasers which operate near the absorption minimum of 340 mm
should be sought. Increased efforts should be made to identify systems that will operate
at wavelengths longer than 400 nm because of the apparent low absorption in this spectral
region. Sufficiently quantitative optical absorption data for UFg are not available in
this part of the spectrum. Spectroscopic experiments and calculations are needed to
quantify the UF, spectral absorption. DNFL experiments should continue to be performed
in subcritical configurations but with UFg added to the lasing cell in quantities which
are consistent with the expected range of critical demsity. It is important to identify
laser enhancement or quenching effects due to the presence of UF, for specific candidate
systems.
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FD/FD

L/D

LIST OF SYMBOLS

Length of side for hexagon fuel cell, cm

Ratio of fission density to average value of fission density, dimensionless
Length-to-diameter ratio of core matrix, dimensionless

Fuel cell length, cm

Critical mass, kg

Pressure, atm

Total power, MW

Radius, cm

Radius of fuel cell, em

Median-light fission fragment range, mm

One-half minimum chord length for hexagon cross section, cm

Radius of core fuel cell matrix in spherical model, cm

Average fuel mixture temperature, deg K

Gaseous core volume, m>

Optical absorption cross section, cm2

Wavelength, nm or A

Density, g/cm>
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TABLE I

CHARACTERTSTICS OF NUCLEAR PUMPED LASERS

Thermal Average
Wave - Flux Thermal
Lasing Pressure Leggth Threshold Flux Power Reference
Medium Atm A n/cme-s n/cme-~gs Density Number

Ne-N, 0.2 8629
BLO(n,a)1i | 9393 1x10l> L .8x1012 3.3 Wemd L

(N) (peak)
3He -Xe 0.5 20270 Lx10%9 6x10%° 5
3te (n,p)3u (xE1)
3He Kr 0.5 25000 1.1x1017 5
3He (n,p)3H (KRT)
He-Hg 0.8 6150 1x1016 3.8x1016 0.2 kW/cm 6
B10(n,a)Li’ (Hg™) (peak)
He ~CO 0.8 14550 Lx10tH 2.5x10%> 7
He-CO, (c) (peak)
BLO(nja)147
3He -Ar 1.0 17900 1.4x1016 1.2x10%7 8
3te (n,p)3H (ar)
co 0.1 51000— 1x1017 2 ¥W/cmd 9
U(n,vn)FF 56000 (peak)

(co)
UFg - TIF-Fo 4000 ‘ 1-6 W/cm3 10
U(n,vn)FF (T1)
3He-Xe 0.8 20270 3x1016 0.200 ¥W/cm® 11
3He (n,p)3H 35080

36520

(XET)
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VARIATION OF UFg ABSORPTION CROSS—SECTION WITH WAVELENGTH
SEE REF. 12
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UNIT FUEL CELL FOR LASING REACTOR MATRIX
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Figure 4
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VARIATION OF FISSION DENSITY RATIO WITH SPHERICAL RADIUS OF
MATRIX OF FUEL CELLS FOR SEVERAL REACTOR CONFIGURATIONS

FISSION DENSITY RATIO, FD/FD

SEE FIG. 6 FOR FUEL LOADINGS
REF. vOL. : 3.2m3

RADIUS RATIO, R/Rgpy

Figure 7
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CYCLE SCHEMATICS FOR NUCLEAR PUMPED LASER POWER EXTRACTION SYSTEMS
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Figure 8
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